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CHAPTER 1 
INTRODUCTION ANI) SUMMARY 
We will be concerned in this thesis with Σ-hyperon-nucleon interac­
tions. Both particles are considered to be elementary, and belong to the 
group of strongly interacting particles, or for short, the hadrons. In 
Table 1.1 we have summarized some properties of those hadrons that are 
of interest to us. 
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Table 1.1. Properties of some hadrons. Given are spin J and parity P, the quantum num-
bers for isospin Τ and T
z # hypercharge Y, charge Q and mass M (in MeV/c )· 
In the theoretical investigations of the strong interactions two main 
lines of effort can be distinguished. Rather recently, the symmetry proper­
ties of the hadrons have been studied using group theoretical methods, where­
as the more dynamical approaches, such as the use of potential models, tech­
niques based on the use of dispersion relations, etc. have been used for a 
much longer time. 
The hadrons can be arranged in multiplets by assigning them to the 
bases of irreducible representations of unitary groups. This way , one can 
find some order in the tremendous proliferation of elementary particles. 
10 
Also, relations for various properties of the hadrons can be predicted from 
these symmetry properties. This approach can be compared with the well known 
concept of isotopie spin, which treats for example the proton and the neu-
tron on an equal footing, considering them as two states of one particle: 
the nucleón. This isospin multiplet can be assigned to a representation of 
SU(2). 
2) 
The first successful higher symmetry scheme was the octet model 
(unitary symmetry), proposed independently by Gell-Mann and Ne'eman 
This theory is based on the use of the group SU(3), the group of unimodular 
and unitary transformations in a three dimensional complex linear vector 
space. After the success of SU(3), several higher symmetries for the strong 
interactions have been proposed, for example SU(6) 
Much work has been done using the more dynamical theories. We will con-
sider in some detail the results of the investigations on the nucleon-nucleon 
6) (NN) interactions , since a theoretical study of the ΣΝ interactions bears 
much in common with these investigations. The low energy NN interactions 
have been studied first by using a phenomenological potential in conjunc­
tion with the Schrödinger equation. The most important result of these in-
vestigations is that the main features of this potential for ranges not too 
short can be described rather well by pion exchange potentials derived from 
7) 
meson theory . For shorter distances phenomenological parts must still be 
added, such as a short range spin-orbit potential , and a repulsive hard 
9) - -
core . This is especially true for the experimental data at higher energy, 
that became more and more available. The strong central repulsion from the 
hard core and the spin-orbit term follow in a natural way if the exchange 
of vector mesons is assumed ' . Encouraging results have been obtained 
in analyses of the NN interaction in terms of potentials derived from the 
12) 
one-meson-exchange Born terms . In some of the more recent investiga-
12) tions the same Born terms are used, but a unitary scattering amplitude 
is derived by employing dispersion relations. Usually the exchange of a 
scalar meson has to be included in these one-boson-exchange potentials. 
Experimentally, however, the existence of this meson is not certain. 
Let us now consider the hyperon-nucleon (YN) interaction. Experimen-
tally, this interaction is much less known than the NN interaction, since 
the experiments are much more difficult. Only recently have some experi-
ments on low energy Λρ and Σρ scattering been done with reasonable accu­
racy (see Chapter 2 and the references given there). Since practically 
nothing is known about ΞΝ interactions, we will therefore not consider 
the Ξ hyperons. 
The theoretical work on low energy ΣΝ scattering is based on assump­
tions similar to those used for NN interactions. We will bypass the crude 
calculations for hyperon-nucleón (YN) interactions with very simple phenom-
enological potentials like square wells. More interesting are the investi-
gations for which more realistic potentials have been used in the Schro-
dinger equation. It is in principle possible to relate the YN potentials 
13) 25) 
to the NN ones. The now outdated global symmetry model has been used 
for this purpose. Calculations in this spirit have been done by several 
authors ~ . The use of SU(3) symmetry, on the other hand, to relate the 
YN and NN interactions has met severe difficulties caused by the large mass 
differences both between the mesons that generate the potential and between 
18) . . . . 
the interacting baryons . For instance, the possibility of YN and YY 
bound states has been considered, yielding qualitatively satisfying re-
19) . . 20) 
suits . The more quantitative statements , however, seem to be heavi-
ly violated by the symmetry breaking. Another approach is the calculation 
21) 
of the YN potentials directly by means of meson-theoretical methods 
Extensive calculations for ΛΝ and ΣΝ interaction have been done by De Swart 
22 23) 
and Iddings ' . They use the one and two pion exchange potentials cal-
. . 2k) 
culated with the prescription of Brueckner and Watson . Dispersion re-
26 ) + 
lation methods have been used by Dosch and Muller for Σ ρ and Λη inter­
actions. They derive, for S-waves, the effective range and shape dependent 
parameter as a function of the scattering length. 
Since more accurate experiments (see Chapter 2) have resulted in sub­
stantial changes in previous data, and also have provided some new data, 
the theoretical work on the hyperon-nucleon interaction is now outdated, 
as far as the comparison with the experiments is concerned. Also recently 
developed theories like SU(3) and SU(6) have given an opportunity to extend 
the earlier theoretical work. On the other hand, calculations on hyperon-
nucleon interactions can be used as a test for some predictions of these 
symmetry theories. Therefore, it seems worthwhile studying the YN inter­
action, using the recent theories for strongly interacting particles and 
to compare the results with the new experimental data. 
In this thesis we will study low energy ΣΝ interactions up to the maxi­
mum energies for which the most recent experiments have been done, i.e., to 
energies of about 10 MeV in the laboratory. Since these experiments consi-
+ 
der only Σ ρ scattering, we will restrict ourselves to these reactions. The 
27) 
ΛΝ interactions have been studied by Fast. We will use some of his results 
12 
as input data for our calculations. Because of the similarity of the ΛΝ and 
the ΣΝ interaction, some parts of this thesis will run parallel to his work. 
After a review of the experimental data in Chapter 2, we have described 
in Chapter 3, h, ana 5 the model we have employed for our calculations. Es­
sentially it is based on the use of the Schrödinger equation in which a po-
tential is inserted derived with meson-theoretical methods. 
It is assumed that the potential describing the YN interactions can be 
derived using one-meson-exchange Born terms. We have included the potential 
due to the exchange of two pions using the prescription of Brueckner and 
21+) . . . 
Watson , since m the Λρ -*• Лр interaction the exchange of one pion is 
impossible by isospin conservation, and also since the mass of the pion is 
so small that even for 2ïï-exchange potentials the range is a relatively long 
one. In Chapter 3 we have derived these potentials, considering the exchange 
of pseudoscalar and of vector mesons. In the same chapter the symmetry prop-
erties (SU(2), SU(3), SU(6)) have been discussed, from which relations can 
be found for the coupling constants. 
pu \ 
The formal ism for multichannel scattering has been applied on Σρ 
scattering in Chapter k. In the Σρ interaction a coupling exists between 
states of different orbital angular momentum due to the tensor part of the 
potential and coupling between channels where other particles are present. 
This implies that the Schrödinger equation can be reduced only to a set of 
coupled differential equations, up to six in the most complicated case. 
The Coulomb potential has a considerable influence at these low ener-
gies. The implications of this long range potential on the scattering for-
malism are considered in Chapter 5· An effective range expansion for multi-
channel scattering, including a Coulomb potential, has been derived for gen-
eral values of the orbital angular momentum. 
In Chapter 6 we discuss the numerical methods and the structure of the 
computer programs we had to use in order to integrate the Schrödinger equa-
tion numerically and to compute the experimental quantities. 
The following chapters give the results of the computations. In Chap-
ter 7 we have first given em approximation for the inclusion of the Coulomb 
± 
effects and compared the results with the exact computations. Then the Σ ρ 
scattering has been studied, using only potentials due to the exchange of 
pseudoscalar mesons. To these potentials we have added hard cores, whose 
radii had been determined by fitting the ЛИ scattering lengths to the ex­
perimental values. Using the known value of the ΝΝπ coupling constant, the 
other coupling constants are given by SU(3) symmetry in terms of one param-
13 
eter, the F/(F+D) ratio α. A good fit with the experimental Σ ρ data could 
be obtained for α ^  0.5, being close to the prediction of SU(6): a=0.U. In 
the Σ ρ ->• Λη angular distribution we obtained ал enhancement in the forward 
direction in accordance with the experimental result. 
One aspect of these calculations should be investigated further. Using 
the same potentials with the hard core radii derived from ΛΝ scattering al­
so for the Σ ρ interaction, which is purely isospin T=3/2, whereas the ΛΝ 
system is purely T=1/2, we have obtained a singlet Σ ρ bound state in many 
cases. Such a bound state has not been found experimentally. The only evi-
+ . . . . 
dence is an enhancement in the Σ ρ angular distribution m the forward di­
rection. This could possibly be explained by assuming such a bound state 
that gives rise to a constructive Coulomb interference. We have shown that 
this implies the existence of a bound state with too much binding energy. 
Rejecting the possibility of a Σ ρ bound state we had to drop the as­
sumption that the T=1/2 and T=3/2 cores are equal. In Chapter 8 we have 
therefore developed an approximational method which enables us to treat a 
mixture of T=1/2 and T=3/2 states, with different cores in these states. 
The results of the previous chapter remain essentially the same. 
In Chapter 9» finally, we have repeated the calculations of Chapter 7 
and 8, but now using a potential due to the exchange of pseudoscalar and 
vector mesons. Employing the predictions of SU(6) for the coupling constants 
and using for the magnetic NNp coupling constant a value derived from NN 
interactions, we were able to obtain a good agreement with the experiments. 
A few remarks about the notation are in order. We will use units such 
that h =c=1. Unless otherwise stated, length are expressed in pion Compton 
-1 -13 
wave lengths (1 m =1.Ulfm = I.Ul χ 10 cm). Except in Chapter 3, we have 
denoted by ρ the momentum in the laboratory system, and by к the momentum 
in the cm. system. We have used the symbol ^ for "approximately equal", 
^ for "asymptotically equal", and « for "proportional to". 
CHAPTER 2 
EXPERIMENTS 
Experimentally, the hyperon-nucleon system is much more difficult to 
study than the corresponding nucleon-nucleon system. There are several rea-
sons for this. Firstly, the bound state of a proton and a neutron, the deu-
teron, has given much insight into the NN interaction, but a bound state of 
two hyperons or of one hyperon with one nucleón has not been found. Second-
ly, the production of a beam of protons with a definite momentum has become 
fairly routine, and has resulted in scattering experiments with good sta-
tistics and over a wide range of energies. For hyperons this is not possi-
ble, since the mean lifetime of a hyperon is very short. The Λ and Σ hype­
rons have lifetimes of the order of 10 sec, and the Σ hyperon, decay-
ing electromagnetically, has a lifetime less than 10 sec. Therefore, a 
± 
low energy Σ hyperon traverses only a few mm before it decays. In most 
scattering experiments, the hyperons are produced in a hydrogen bubble 
chamber, after which they scatter with the hydrogen in the same chamber. 
However, because the path length traversed by a hyperon before decay is so 
short relative to the mean path length for collision in liquid hydrogen, a 
hyperon-proton collision will be very rare. 
Although a bound state of a hyperon with one nucleón does not exist, 
bound states of a Λ hyperon with more nucléons do. Such a Л-nucleus system 
29) 
is called a hyperfragment or hypernucleus . Α Σ hyperfragment is not ge­
nerally expected to exist, for the Σ hyperon, being heavier than the Λ hy­
peron, would decay almost immediately via strong interactions according to 
the reactions Σ _ + ρ-»-Λ + η ο Γ Σ +η-»·Λ + ρ. The only possibilities Σ~η, 
and Σ~ηη (or the charge symmetric states Σ ρ, and Σ pp), for which conser­
vation of charge would prevent this decay, have not been observed. 
Consequently, the study of hyperfragments gives only information about the 
ΛΝ interaction. 
An extensive discussion of the large amount of work that has been done 
on hyperfragments is beyond the scope of this thesis. We will only quote 
one result that can be derived from the hyperfragment data. From the ana-
1 fl λ 
lyses of the light hyperfragments De Swart and Dullemond were able to 
estimate the singlet and triplet scattering lengths a and a and effective 
ranges r and r for the ΛΝ system. These parameters are very useful in des-
S "C 
cribing the low energy ΛΝ interaction. They found 
15 
a = - (3.6 +3
Л
'Ъ fm г л. 2 fra , 
s —\.¿ s 
a = - 0.53 +0.12 fm rt ^ 5 fm . (2.1) 
More recently, hyperon-nucleon scattering reactions have been studied 
in liquid hydrogen , deuterium and propane bubble chambers. 
For the most recent experiment the hyperons were produced in 
the Saclay 8l cm hydrogen bubble chamber at CERN, being exposed to a low 
energy K- meson beam. The stopped К mesons produced hyperons according to 
the following reactions 
К" + ρ •> Σ~ + π 
-> Σ + π" 
-+ Σ + π 
- Λ + π
0
 . (2.2) 
The Σ decays almost immediately into Λ + γ . 
Although all the reactions (2.2) for Κ ρ reactions at rest give a de­
finite momentum for the produced hyperons, a small momentum spread is ob-
+ 
served. This is because the Σ hyperons slow down due to energy losses. 
Hence the Σ hyperon can be studied in the momentum interval 
125 MeV/c < ρ(Σ~) < 173·*+ MeV/c, and the Σ hyperon in the interval 
130 MeV/c < ρ(Σ ) < 1Ö1.5 MeV/c. The slight difference in these intervals 
is due to the small mass difference between Σ and Σ hyperons. The lower 
limit is imposed because otherwise the residual range of the scattered par­
ticles becomes too short to enable an accurate measurement. Although the 
neutral Λ is not slowed down, the A's will still exhibit a momentum ¿cread. 
The reaction К + ρ •+ Λ + π gives a unique Л-momentum of 25^ MeV/c, but 
the reactions Κ + ρ -»· Σ + π followed by the decay Σ -* Λ + γ, and 
К + ρ -> Σ + π followed by the reaction Σ + ρ ->• Λ + η give Λ hyperons 
in the momentum interval 0 MeV/c < ρ(Λ) < 250 MeV/c. Finally there is a 
small background of A's from in flight Κ ρ interactions. Hence a source of 
Λ hyperons extending to above 300 MeV/c exists 
Only a few of the produced hyperons will have an interaction with pro­
tons before they decay. Besides one has to apply severe cutoff criteria in 
order to avoid systematic errors caused by events that are difficult to de­
tect or to insure an accurate measurement. Also the Coulomb scattering must 
be excluded. This reduces the number of events once more. For example, from 
200,000 pictures one found 2500 elastic Σρ scattering events. From this 
sample, after imposing the selection criteria, only 59 Σ ρ and 19 Σ ρ events 
remained 
16 
36) 
We will not consider here the ΛΝ interactions, but we only quote the 
values of the scattering lengths for the Λρ interaction that give the best 
1+2) fit to the low energy experiments . It is 
a = -2.5 І 0.8 fm , 
a t = -2.1 І 0.3 fm . (2.3) 
The triplet scattering length, in particular, differs substantially from 
the value given in (2.2). There is some evidence, however, that the triplet 
scattering length derived from the hyperfragment data could be greater than 
0.53 fm . 
± 
As far as the ΣΝ interactions are concerned, only the Σ ρ scattering 
can be measured. There are also some results for Σ interactions with deute­
rium, obtained from К capture in a deuterium bubble chamber, but these 
reactions have poor statistics and are therefore less meaningful. As cal-
kk) . . 
culations for these reactions require gross simplifications, hence 
making the results less certain, we will not use these results. We are 
left then with the following reactions. In a hydrogen bubble chamber the 
Σ hyperon has only elastic interactions: 
Σ + ρ -»· Σ + ρ . (I) 
The Σ hyperon, however, has inelastic interactions: 
Z~ + ρ -»- Λ + η (IIa) 
+ Σ
0
 + η , (Ilb) 
as well as the elastic reaction: 
Σ" + ρ •+ Σ" + ρ . (IIe) 
All these reactions can occur in the momentum interval given above. We will 
a b 
call these "reactions in flight". The reactions II and II also take place 
for stopped Σ - hyperons. Since in a bubble chamber neutral particles cannot 
be seen, the scattering event has to be reconstructed from the secondary 
occurring particles. The Σ decays into Λ + γ, and the Λ hyperons can be 
seen if they decay as Λ •* π + p. Only the Λ hyperons having this decay 
mode are considered in the experiments. 
We will first discuss the absorption reactions at rest. In this case 
17 
the Σ hyperon comes to rest in hydrogen and forms a Σ ρ atom due to the 
Coulomb potential. From measurements of the absorption time and from 
U6) 
calculations of this time for different capture mechanisms one con­
cludes that a Stark mixing effect leads to rapid capture from s-states of 
still rather high principal quantum number n. It is very important that 
this capture takes place from an s-state and that the capture from p-states 
does not occur frequently, which would be the case if the negatively charged 
particle were only cascading down. Therefore we may assume that the reac-
a b -tions II and II for Σ hyperons at rest occur from s-states. We will also 
make the reasonable assumption that 1/U of the Σ ρ atoms are formed in a 
singlet state and 3/1+ in a triplet state, and that there are no important 
transitions between singlet and triplet states during the deexcitation of 
the atom. One defines the capture ratio r by the expression 
4 Σ 0 
r
r
 = ρ , (2.1t) 
C
 Φ Σ
0
 + ê Λ 
where # Σ is the number of Σ events found when the Σ is captured at rest, 
and similarly for # Λ. In Chapter U we will relate this ratio to the cross 
sections using the assumptions mentioned above. The Σ hyperon in these 
reactions cannot be seen, but the Λ into which it decays can be distinguish-
ed from the Λ in reaction II by its kinematics. The first Λ has a kinema­
tic energy in the interval 0.2 < Е
л
 < Τ·б MeV, whereas the second Л has a 
•3/1 'D'Y \ 
unique kinetic energy of 36.8 MeV ' 
For Σ ρ interactions in flight one can also define the ratio 
4 Σ 0 rF = Ρ ' ( 2 · 5 ) 
F
 ê Σ 0 + # Λ 
where now # Σ is the number of Σ , observed for interactions at the con­
sidered momentum. Of course, these reactions do not occur via a Σ ρ atom. 
Again the decay Λ can be distinguished from the directly produced Λ hyperon 
by its kinematics. 
The total cross sections, angular distributions and polarizations were 
+ 
measured for the Σ ρ reactions in flight. The total cross section can be 
measured for each of the reactions I and II. 
The measurement of an angular distribution has only meaning if one has 
enough events. The difficulty of finding all scatter events with short re­
coils of the colliding particles makes a measurement of the angular distri-
18 
bution for elastic Σρ scattering not very reliable in the neighbourhood of 
cos θ < 1. On the other hand, for the reaction Σ ρ -*• Λη the total angular 
'"VJ 
region -1 < cos θ < 1 can be studied. The angular distribution for the reac­
tion Σ-ρ -»• Σ η cannot be measured, since the Σ decays almost immediately 
into Λ + γ. However, one could have some impression about the angular dis­
tribution of the Σ hyperons, if the distribution of the Λ in the Σ ρ rest 
system is anisotropic, if one assumes that the Л decay is isotropic ' 
a One also measures the polarization of the Л in reaction II . This is 
done by studying the angular distribution of the protons that arise from 
the decay Л -*• ρ + тг~ in the rest system of the Л hyperon. 
oo o^ \ 
Measurements on Σρ scattering have been done at Heidelberg and 
37-1+0) Maryland .In Table 2.1 we have quoted the latest results of the 
зі+_зб)* 
Heidelberg group . The total cross sections obtained by the Mary­
land group for Σ ρ elastic scattering , σ(Σ ρ ->• Σ ρ) = ібб + 33 mb at a 
mean laboratory momentum ρ(Σ ) = 150 MeV/c and σ(Σ ρ •> Σ ρ) = 83 + ЗІ+ mb at 
ρ(Σ ) = l6l.5 MeV/c are in reasonable agreement with the results of Heidel­
berg. 
r+P 
V 
153 + 5 
163 + 5 
173 + 5 
Y 
203 + 117 
1U3 + 58 
89 + 28 
Σ-ρ 
Ρ 
Σ 
11+0 + 5 
150 + 5 
1б0 + 5 
σ, σ σ 
Λ
 Σ
0
 Σ­
Ι 61+ + 25 1 2 5 + 2 5 207 + 85 
11+7 + 19 1 1 1 + 1 9 198 + 1+8 
121+ + 11+ 115 + 16 189 + 32 
Table 2 1 The total cross section (mb) for the Σ ρ e las t ic and the Σ ρ inelast ic reac­
tions for different laboratory momenta (MeV/c) 
The angular distributions and the polarization of the Λ hyperon have 
been measured only by the Heidelberg group, since the number of events in 
Maryland was too small to permit such a measurement. The angular distribu­
tions are given in Fig. 2.1 - 2.3 and the polarization of the Λ in Table 
2.2 
* These results were obtained using the mean life times of the Σ hyperons, Γ ( Σ + ) = 0 794 χ 10~ 1 0 s e c 
and Γ ( Σ ^ = 1 58 χ Ι Ο " 1 0 sec (Tables of UCRL-8030 (rev ), March 1965) More recent results (Chung-
Yun Chang. Nevis report CU- 1932- 251, Nevis- 145, Feb 1966, Columbia University) give the values 
г » ) = 0 830 t 0 018) χ 1 0 — s e c and Γ ( Σ - ) = (1 667 * 0 026) χ Ю " " s e c These values would 
increase the cross sect ions with about 10% 3 6 ) 
19 
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reaction Σ + ρ -» ^р in the momentum inter­
val 148 MeV/c < ρ(Σ + ) < 178 MeV/c 
da 
dcosG Imbl 
100 
Σ " ρ — ^ Л п 
—χ—ι Li 
ι—χ—ι 
ι— χ—ι 
® 
1 
cos θ 
Fig. 2 З а The angular distribution for the 
reaction Σ~ρ • λη in the momentum inter­
val 100 MeV/c <. ρ ( Σ _ ) " 170 MeV/c 
άσ 
dcose 
Imb) 
300 
200 
100 
0 
Ι Σ-ρ—Σ-ρ 
I-
τ '—χ— 
Τ " Γ τ
 1 
Τ
1
 Τ 
0 
-
ι—χ—ι 
Ι-χ- ι 
L 
1 
cose 
Fig. 2 2. The angular distribution for the 
reaction Σ _ ρ * Σ" ρ in the momentum inter­
val 135 MeV/c < ρ(Σ~) < 165 MeV/c. 
da 
dcose Imb) 
100 
Σ
-
ρ—-An 
- X — I 
J f 
® 
-1 0 1 
cose 
Fig 2 3 The angular distribution for the 
reaction Σ - ρ * An in the momentum inter­
val 150 MeV/c ч ρ(Σ-) <. 170 MeV/c. 
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Momentum 
100 - ITO 
100 - ITO 
100 - ITO 
0-100 
Angles 
0° - 180° 
0° - 90° 
90° - 180° 
0° - 180° 
Polarization 
-0.6 + O.U 
-0.3 + 0.5 
-0.8 + О.б 
+0.03 + о.от 
Table 2 2 The polarization of the Л hyperon in the reaction Σ _ ρ -» Λη for different Σ" 
momentum intervals and for different angular regions of the Λ in the с m of the Σ - ρ 
system The polarization is in the direction of the normal η = (k i χ к )/|k χ к | 
We shall be using in the following chapters for the Σ ρ cross sections 
the weighted averages 
σ(Σ"ρ -+ Λη) = 135 + 12 mb 
σ(Σ"ρ -»• Σ°η) = 115 + 12 mb 
ƒ — 
σ(Σ~ρ ->• Σ~ρ) = 185 + 25 mb 
all at a Σ laboratory momentum of 155 MeV/c, corresponding with E =10MeV. 
J_cLD 
For the Σ ρ interactions we have not used the Maryland result, since this 
has been obtained with very weak selection criteria to gain statistics, but 
even then they have only 9 events. The average over the momentum intervals 
+ . . 3U) 
for the Σ ρ total cross section is 
σ(Σ+ρ + Σ+ρ) = 135 + 35 mb 
at ρ(Σ ) = 1бЗ MeV/c, corresponding with Ε , = 11 MeV. 
The weighted average over the momentum intervals for the ratio in 
- 35) flight r is D J , 
Γ 
r„ = O.UT + 0.03 , 
г — 
practically independent of the momentum (105 < ρ(Σ ) < 105), whereas one 
о о "Зт""зА lil ^ 
has for the corresponding ratio at rest ' ' ' 
r = 0Л5 + 0.02 
Considering these experimental data we notice that the experimental 
Σ
-
ρ inelastic cross section at ρ(Σ ) = 155 MeV/c 
21 
-• Τ
0 
σ(Σ"ρ ^  η ) = 250 + IT mb 
is very close to the S-wave unitarity limit for inelastic scattering ir/k2, 
which is about 255 mb at this momentum. This implies that we have almost 
maximal absorption, assuming that the main contribution comes from S-waves. 
The experimental elastic Σ ρ cross section is also in the neighbourhood of 
π/k2, as it should be for maximal absorption. 
For the case of Σ ρ elastic scattering there is no absorption, so that 
the cross section could be as large as kv/k2. Since the experimental value 
+ . . . 
is much smaller, we conclude that the Σ ρ interaction is weak. 
± 
The angular distributions for Σ ρ elastic scattering are consistent 
with isotropy, but there is some evidence for a forward peaking. It is not 
clear, however, if this is caused by Coulomb scattering. The angular distri­
bution for Σ ρ -*• Λη is almost isotropic, but when taking only events with 
ρ(Σ~) > 150 MeV/c, an enhancement in the forward directions is obtained. 
The angular distribution from the Λ arising from the decay Σ ρ -*• Σ η and 
Σ ->• Λ + γ was consistent with isotropy, and hence no statement could be 
made about the Σ angular distribution. 
CHAPTER 3 
THE DERIVATION OF THE POTENTIAL 
3.1. Introduction» 
We assume that the potential in the Schrödinger equation, which des-
cribes the hyperon-nucleon system, can be derived from meson theory. For 
the nucleon-nucleon interaction, the problem of the construction of a field 
7) theoretic potential has been extensively studied . We will follow quite 
closely one of the methods used there. 
hi) . 
From general considerations it follows that the range R of a po-
tential caused by the exchange of a meson with mass m is given by R ^ m 
(in units t> = с = l). Therefore one can divide the range of the potentiaJ. 
into different regions . For large r (r > 1.5 m ) the behaviour of the 
potential is determined by the exchange of one pion. For shorter distances, 
0.7 m < r < 1.5 m , exchange of two pions and of heavier mesons must be 
taken into account. For still shorter distances the contribution from the 
exchange of more mesons becomes more and more important, but one may hope 
that the exchange of heavy mesons will at least partly represent this con­
tribution. 
At very short distances it is impossible to give a reliable calcula­
tion for the potentials. For the NN interaction a phenomenological hard 
9) 
core has been used to explain the experimental data . This core occurs 
in most phenomenological and semiphenomenological nuclear potentials. We 
will also use a repulsive hard core. Its radius will be discussed later. 
In this chapter we will calculate the one meson exchange potentials. 
The potential due to the exchange of two pions is also given. We will res­
trict ourselves to local potentials. It is known from NN calculations that 
the velocity dependence of the potential does not have much influence on 
the final results at low energies . Other recoil effects are taken into 
account to some extent. 
In our computations we will use two sets of potentials. First we will 
calculate the potentials due to the exchange of the SU(3) octet of pseudo-
scalar mesons π. К, and η. Their coupling constants with the baryons in­
volved will be related by requiring SU(3) symmetry. 
The exchange of vector mesons explains some important properties of 
the phenomenological NN potentials, like the spin-orbit potential. The se-
¿3 
cond set consists therefore of the first set plus the potentials due to the 
exchange of the vector mesons ρ. Κ* , ω, and φ. The exchange of the pseudo-
scalar X is also included, hut we did not use the scalar mesons for which 
experimental evidence is still scarce. We also did not include the exchange 
of the heavier 2 mesons. The coupling constants will now be required to 
obey relations required by SU(6) symmetry. 
For NN interactions, these potentials have been calculated by Hoshi-
and 
51) 
50) 
zaki, Lin Machida . Some of our results are also obtained by Proto-
papadakis 
An important consequence of the exchange of mesons carrying charge or 
hypercharge is that the particles in the final state can be different from 
those in the initial state. We give a few examples in Fig. 3.1. Consequent­
ly, when considering Σ ρ scattering, for example, one has a coupling with 
Σ η and Λη states (reactions II and II in Chapter 2) due to these strong 
interactions. 
π± / \ K· / \ π± 
Fig. 3.1. Some diagrams illustrating the difference between initial and final states. 
3 .2 . The c a l c u l a t i o n of t h e p o t e n t i a l s i n momentum space. 
I t i s wel l known t h a t i f a two p a r t i c l e s c a t t e r i n g process can be d e s ­
c r i b e d by a Schrödinger equa t ion , t h e p o t e n t i a l can be r e l a t e d t o t h e T-
ma t r ix by t h e Lippman-Schwinger equat ion 
<a| T |b> = <a|v |b> + Σ
ο
 ^ Ш ^ Ш ^ . (3.1) 
D С 
If one is able to calculate the T-matrix in the form of a series, e.g., 
2 (2) k (U) 
Τ = g Tv ; + g Tv ; + ... , 
and if we assume that we may write for the potential an analogous series 
24 
expansion 
2 (2) k Ik) 
then one can write 
<а| ( 2 ) | Ъ > = <a |T < 2 > | b» , ( 3 . 2 a ) 
<a|V<*V = <a|T< UV - r
c
 ^ % # ^ , (3.ab) 
D С 
etc. 
Except for the potential due to pion exchange, we will assume that V=g ν 
is a reasonably good approximation for the potential; hence <a|v|b> = 
(2) 
<a|T |b> . The T-matrix will be obtained by relating it to the S-matrix, 
using the relation 
<a|s|b> = 6
a b - 2тті δ(Ε -К ) <а|т|ъ> . (3.3) 
The S-matrix, finally, is calculated using Feynman rules. This yields the 
one meson exchange potential in momentum space. The essential assumption 
made here is that we may calculate the T-matrix in (3.1) by using a field 
theoretic calculation of the S-matrix. 
Before we transform to coordinate space we will make some approxima­
tions. First we will neglect to some extent the recoil effects caused by 
the kinetic energy of the baryons. This is done as follows. Denoting the 
momentum of the exchanged meson by к and the momentum of the baryon with 
mass M in the cm. by q, we make a development to powers of (k/M)2 and 
(q/M)2. The terms with powers of q/M will give rise to non-local poten­
tials, or, what amounts to the same, velocity dependent potentials. This 
velocity dependence will be neglected, except that trivial dependence in 
the spin-orbit potential. The (k/M)2 gives -(m/M)2 after Fourier transfor­
mation. Therefore, we will neglect the recoil effects for the pseudoscalar 
mesons, but for the heavier vectormesons we have included terms of order 
(k/M)2. 
Furthermore, we have neglected the mass differences of the baryons, 
unless these differences would have a sizable influence. 
The calculation of the two pion exchange potential is not unique, in 
the sense that different methods yield different results. We have chosen 
2k 22) 
the prescription by Brueckner and Watson ' , which has the advantage 
that it has been tested for low energy nucleon-nucleon interaction and re­
sults, for that case, in a reasonable agreement with the experimental data. 
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λ /' 
»> 4 
)""т,ГД 
3\ jk Our notation is as follows. We number the bary­
ons from 1 to U (Fig. 3.2) with mass M. and fourmo-
mentum ρ. (and threemomentum ρ.). The exchanged me­
son has a mass m and fourmomentum k. Our metric is 
M^, p1 MZJPZ We will first calculate the potentials due to 
the exchange of a pseudoscalar meson. The derivation 
Fig 3 2 Diagram ex­
plaining the notation w e w l 1 1 give is strictly speaking valid only for the 
exchange of mesons with zero strangeness and isospin 
zero. For the other mesons some numerical factors 
have to be included. This will be considered later. 
We take as interaction Hamiltonian 
^ ^ i g p ^ Y s i f i i t . , (З.1*) 
where ψ and ψ describe the creation and annihilation of the baryons and φ 
describes the meson fields. Using Feynman rules, we get for the second 
order S-matrix element (suppressing the spin indices) 
l 0(2) ι . gii gob / Mi Mo Mi Mu \
 5 
<Ρ<·,Ρ3 S ρι,Ρ2> = -ι & 1 J & ^ J
 V
Z
 J
 F
H
 ' 
(2ττ) X λ 2 3 h 
δ (pj + p2 - P3 - pit) W ( P 3 ) Y 5 wipi) 
2. 2 (рі-рз) +m 
W ( P 4 ) Y 5 w(p2) . (3.5) 
In this fomiula gi3 is the coupling constant between particle 1 and 3 and 
the pseudoscalar meson. 
We use the Dirac representation for the γ matrices: 
/ 0 -io \ / I 0 \ / 0 -I \ 
I = ~ » Ύ«* = ί Ι , Ύ5 = > (3.6) 
\ io 0 / \ 0 -I / \ -I 0 / 
and we have for the spinors the explicit representation 
/ u 
w(p) = (2м") 2 ι 2'P , » (3.7) 
where u is an ordinary Pauli spinor, describing the spin wave function of 
the baryon. Omitting the spinors u but giving the operators σ an index de­
noting the baryon on which it works, Eq. (3.5) reduces to 
2 b 
- i AU-f i¿a . (—I ^ Е і Е г Е з Е ц ^ ^ ) δ (P1+P2-P3-PU) 
( 2 π ) ' 
σ ι · Ρ ι σ ι · Ρ 3 \ / Gl'Vz a 2 ' P u 
" "
 +
^ τ ^ - ^ - ^ - + ^ - ^ - 1 - (3.0) 
(ρ -ρ )2+m2 1 Μ ι + Ε ι М з + Е з ' » Μ 2 + Ε 2 М і + + Е ц 
We take the non-relativistic limit, i.e., we neglect |p| with respect 
to M, and we transform to the cm. system, taking 
Pi = -P2 = Ρ > 
(3.9) 
P3 = -P«* = P' » 
and we define 
к = ρ - ρ' 
(З.Ю) 
q = (ρ + ρ·)/2 . 
(It) 
Due to the transformation to the cm. system we can replace the 6 func­
tion by (2тт)3 б(Е1+Е2-Ез-Еі+). 
In the last two factors of (3.8) we neglect the mass difference be­
tween the two baryons and between the two hyperons by writing M' for the 
теал mass of the nucléons and M for the mean mass of the hyperons involved. 
In the propagator, however, we write (рі-рз)2 + m 2 = к2 + m 2 with 
m ._ = m /l - γ2. This factor γ arises from the mass difference between 
e f f
 . . . 22) 
the Σ and Λ hyperon and is extensively considered by De Swart and Iddmgs 
Using (3.1) and (3.3) the potential in momentum space due to the exchange 
of a pseudoscalar meson is 
(a1'k)(22'k) 
vpq = -613624 — — — — : — · (3.11) 
r b
 UMM' k2+m2 
- eff 
For the vector mesons the interaction Hamiltonian is given by 
«! = І6 Ψ γμΨΦμ + (fv/2m) ψ σ μ νψΟ νφ μ - Эрфу) (3.12) 
with 
σ = 2 ϊ(γ γ - γ γ ) · (3.13) 
μν μ ν ν μ 
The first term in (3.12) is called the electric interaction, the second 
the magnetic interaction. Using this interaction Hamiltonian, we obtain 
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for the second order S-matrix element 
( 2 ) 
^ і + . Р З І 3 І Р 1 > Р 2 > = (тг F FÓTT J (5 ( P l + P 2 - P 3 - P 4 ) ( 2 π ) 2 Ξ 1 Ε 2 Ε 3 Ε ι + 
(рз)Свіз У
у
 +
 -^
1 σ
μρ
(
Ρ3ρ - Pip)] w(Pi) 
6μν ~ ( P 3M " Ρ 1 μ ) ( ρ 4 ' ^ ^ 
9 9 
(рі-Рз) + m 
ν(ρι*) ^ 62»+ Ύ
υ
 +
 - ¿ ^ σ
υτ
(ρι
+τ
-ρ2
τ
) ] w(p2) 
Using the Dirac equation, we get 
(3.1U) 
w(P3)a
uv
w(Pl)(P3
v
-Pl
v
) = (M1+M3) wCpaJy^wipi) + 
+ i ^(рзМріМрз^+р^) (3.15) 
I t follows a l s o from t h e Dirac equat ion t h a t t h e second term in t h e propa­
g a t o r g ives c o n t r i b u t i o n s of order (Мі-Мз) 2 /т 2 , which we w i l l n e g l e c t . So 
we can w r i t e for (3 .1^) 
- 1 W^vivV 6 (P1+P2-P3-P4) ( 2 π ) 2 ^ Е ^ г Е з Е ц ( p i - Р з ) + m 2 ^ 2 
Мі+Мя i f i W(P3) С ( в і з + ^ ^ ^ 1 3 ) ^ + ^ ( Ρ ΐ / Ρ 3 μ ) ] v ( P l ) 
w ( p . ) [ ( g 2 ^ ^ k f 2 4 ) Y y + ^ ( P 2 / P % ) ] v ( P 2 ) . (3.16) 
Using the Dirac representation (3.6) and defining the total spin S=l(r +3^), 
we get, after transforming to the cm. system. 
< | S ( 2 ) | > = - 2 - ( | ^ ^ ) J 6 ( E 1 + E 2 - E 3 - E 4 ) 
ЕіЕгЕзЕ^' 
Ρ PM ' Ρ P 1 
Νχ* N3/ 1 Ñ 2 + N4 
С13С?Й І7Г.+ тгJ к г . + ¥. + M + - ^ г - І M + ^ ^ I + 
( ρ - ρ · ) 2 + ι η 2 
Ρ ' Ρ ' \ / Ρ ' Ρ ' 
NiN 1^3 NoN 2імц 
+ 2
^ · Γ Ρ · * Ρ ] Ι Ν ^ 1 
p - p ' 
4 N2N3 г^ЫгМзКц, 
σι 02 
+ i [ Ρ , χ ρ ] * ^ ^ ^ + 
, N ^ 3 N2N4 / 
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/Ρ P'WP Ρ') /Ρ Ρ'\ /Ρ Ρ'^ о ^ Ь ' х р З о г ' Ь ' ^ р ] 
-^ι·Ξ2)ίΝΓ Ï J ÍÑ2- i r 2і"1я2- Ν , Ι ^ Ι Ν Γ ÑJ - " н^гНзЫц 
p2 p . 2 
-0,3 ^ E 2 + E, + ^ + ^ з + "l^ff^H (р.р.^.Гр.кр]) 
p ' p ' + i [ ρ ' χ ρ ] ' 0 2 
0
 - " " мЯ " ^
 + 
і2и ΐ f
+E3+ ^ i;> b i ^ i b ( r E.+ i £ 2. [E.«s], 
P'p '+ifp 'xpJ-ö! 
1 - — 
N i N 
і и з 
f l 4 f 5 
m 
•¿ULM*- ( р + р . ) 2 + ( Е і + Е з ) ( Е 2 + Е і | ) • · И -
2 І * Г Р , Х Р ] 22" [ Ρ , χ ρ ] 
in which we have used 
p . p ' 
ÑTÑJ 
02 
NoN 2144 
1 -
p . p ' 
N¡N7 
> + 
(3 .17) 
_ MÌ+МЯ 
G13 - 613 +
 m
 fl 
and 
Ni = Μχ+Ε! 
etc. 
Except in the propagator, we neglect again the mass difference between Λ 
and Σ hyperons by using M and Μ', as we did in the pseudoscalar case. 
Furthermore, we use the transformations (3.10). We will neglect, except 
in the term [ρ1 x ρ ^ , the q, which gives rise to a non-local potential 
Consequently, we have Ej = E2 = E and E3 = EI+ = E'. We then get for the S-
matrix element in the c m . system 
<|S(2)1>=-2^(2E-2E') ^llir+E,) —i 
k 2+m 2 
'eff 
¡/ Ϊ52 \ ( * 
G13 G24 < ' 1 7 Í I ! -
ι \ UN2 /' \ liN'2, 
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+ i S · [kxq] 
NN' 2NZN 2м. 2 
+ ι 
σ 1 ^2 
Г
к х 5 ] —: + -S-
- ( 2 ΐ · £ 2 ) Ñ P 
Nz N' / 
k 2 ( ö i - k i C o z - k ) 
+ - ^ rrm + NN' 
ai · [k x q] 02' [kxq] 
Λ'
2 
m 
-G13 Ц± 2E' 1 - — - + 2 i D 1 . r k x q ] 
1+N' 
- G 2 l t i l i 2E 1 J + 2 i a 2 - [ k x q ] 
m 
2 
m 
ІШ'
2/ 
1+ 
UN 2 
N+E' 
Ν
2 
Ν'+Ε 
Ν 
ι 2 
1 + 
[kxq] ·σ2 
г-
2 
< 1 + 
UN1 Ν 1 
k 2 i [kxq] «θ! 
UN2 
> + 
> + 
и
г 
к
2
 \ к 2 
1+ ^ 1 — - i S · [kxq] + 
UN' 2/ 
г п
2 ! * · 2 
• г Ί I -l - 2 
- i [kxq] + 
" " UN2 UN'2 
σ ι · [kxq] £2 · [kxq] 
N2!*'2 
(3.18) 
Since we have neglected the q-dependence in E, we have E =(цк2+М2)5 and we 
expand in powers of k/M: 
к
2
 k1* 
Ε = M + 
Ш 32Md 
+ ... 
1 1 
M + E Ж
 32M3 
(3.19) 
etc. 
Since the mass differences between the baryons are small, we have to a good 
approximation 
J— i_ 2 
M2 M'2 MM' 
(3.20) 
This yields, retaining only terms to order 1/M2, 
<|S(2)|> = -2πίδ(Ε.-Ε ) 1 
k 2 + m
eff 
Si 3624 \ 1 -
UMM' 
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/ S σι £ 2 \ к 2 к 2 1 
+ i [ k x q ] ¡^— + - ^ + - | - ( с ^ - о г ) — : : - + ( о 1 - к ) ( о 2 ' к ) 
ММ' 1+М2 1+М·2/ U H M ' 1+ММ 
> + 
+
 Sl3?2k 
2М1 
m Ι 8М2 М ' 2 І+ММ' 
+ ι [kxq] 
σ 1 £2 
+ 
i+MM' 2ММ1 г м ' 2 
- ( о і ^ о г ) + ( о 1 « к ) ( а 2 , к ) - z — 
ItMM' ~ ~ HMM' j 
+
 В2Ь?13 
2M 
m 
ОМ'
2
 3 M 2 UMM1 
i [kxq] + ι 
+ f l ü f 
/ σ 1 σ 2 \ 
iiMM1 2M2 2ММ' / 
' к
4 
- ( σ ι · σ 2 ) 
к
2
 ( а 1 - к ) ( а 2 - к ) 
UMM' U M M ' 
І З
1 ! ^ 
kim 
m' 1бМ
2
М'
2 
• Г Ί Ι Τ - -
1
 -
2 
м
2
м·
2
 З2мц згм· 
- ( о ^ а г ) 
ItMM1 löN^M'2 
σ ι * fkxq] 2 2 · [kxq] Ì 
+ (o1'k)(o2*k) 
UMM* ібм^·
2 
г м ^ ·
2 
(3.21) 
It should be noted that in this expression a (01-02) potential occurs, which 
is impossible for NN potentials. This potential is caused by two effects. 
Firstly, the mass difference between hyperons and nucléons gives a small 
contribution, but also the difference between gi3f2i+ and g2i+fl3 yields this 
potential. But, if the g and the f coupling constants obey the same symme-
try properties, this potential disappears. In the following, we will ne-
glect the oi-02 potential. The possible consequences of a potential of this 
kind will be discussed in Chapter k. We finally get then for the potential 
in momentum space, due to the exchange of a vector meson with zero hyper-
charge and isospin. 
V„= 1 
ÌS2+meff 
613624 1-
km' 
- ( 6 l 3 f 2 i + + 6 2 4 f l 3 ) 
f 
+ i S ' [ k x q ] <
 е
і з
б
2 4 +(gl3f2<4 + g2it f l3) 
τ + f l 3 f 2 ' + 
gmÍMM') U I T ^ M M ' 
3k2 i 
гмм* m(MM' ) ' 
Τ -
f 13f2i4 
2 m 2 M M l 
-
σ
ΐ · σ 2 < 6 ΐ 3 6 2 ΐ + 
U M M · 
•'"(б^^г^+ег'+^п) 
2 m ( M M ' ) : 
+ f l Q f 9 U 
m' Um
2
r ' IM · 
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+ ( a i ' k ) ( a 2 * k ) J g i3g24 + ( g i 3 f 2 ' t + g 2 ' + í ' l 3 ) 
[ UMM' 
1 
г + 
2m(MM' ) : 
к 
2 
m 
+ í , 13 f 24 o i ' C k x q ] a 2 - [ k x q ] f ^ f a n 
2
 Un^MM' /I " ~ m2MM, 
(3.22) 
The last term in this formula gives rise to the quadratic spin-orbit 
potential. This term will be left out of consideration. Because of the re-
lation 
(k'qH^i ^ )(σ2·<ΐ) + (σι·<ι)(σ2·ΐΟ} = ςΐ2(σι -к) [a 2 •k)+k2(o1 «q) (a2'q) + 
+ σι« I^kxq] 02· [^kxq^] - [kxq] 2 (σι «02 ) (3.23) 
we see that this term includes non-local effects, and we have neglected 
them in this calculation. In addition, however, the range of the quadratic 
spin-orbit potential is shorter than the range of the other potentials, and 
hence its influence will be important only for higher energies. 
For the mesons К and Κ* , carrying hypercharge, the sign of (3.11) and 
(З.22) is opposite. This is caused by the fact that the hyperons and nu-
. . . 21) 
cleons in the final state are changed with respect to the initial state 
Furthermore, in formula (3-22) one should change /MM' into (M+M')/2, but 
this difference will be neglected. 
Finally, the two pion exchange potentials in momentum space have been 
22) 
tabulated by De Swart and Iddings 
3.3. The potentials in coordinate space. 
53) . . 
It can be shown that the most general Hermitian potential for NN 
interactions in coordinate space can be written as 
V = VC + Voa (2 1*2 2 ) + V 1 2 + VSO(î?^) + V Q Q l 2 ' {3'2k) 
if one assumes that the potential is invariant under translations, rota-
tions, space reflections, time reversal, and exchange of the particles. 
The V. can be a function of the relative position of the nuclei, of their 
relative momentum q, and of L2 : 
^i = Vi(r, q, L2) , (3.25) 
32 
and the operators S12 and Q12 a r e given by 
(θ!·Γ)(σ2·Γ) 
Si2 = 3 ——z I (01*02) , 
r
2 - -
Q12 = І {(oi*L)(o2*L) + (o2*L)(oi*L)} . (3.26) 
For YN interactions the same assumptions as those leading to Eq. (3.2І0 
hold, but we cannot require that the potential is invariant under the ex­
change of the particles. Hence we cannot exclude a (01-02)·! potential. 
Due to the restrictions we have made in the last section the quadratic 
spin-orbit potential V0Qi2
 ari(i "the (01-02) 'L potential will not be present 
ч — — — 
in the potential we will use. We also have neglected the dependence of q. 
Before we proceed to the actual calculation of these potentials from 
(З.ІІ) and (З.22), we will discuss briefly the properties of the potentials 
in (3.2U). The central potential needs no discussion. The spin-spin poten­
tial V is accompanied by the operator (01*02). We will use a basis in 
which this operator is diagonal. This is the so called singlet triplet 
basis, consisting of the simultaneous eigenfunctions of S 2 and S , where 
S is the total spin operator. For singlet states (s=0)(01*02) has the 
eigenvalue -3, and for triplet states (s=l) +1. 
The tensor force V Si2 is ал important part, and not only with res­
pect to its magnitude. The fact that L2 no longer commutes with the Hamil-
tonian is caused by the presence of this term in V. In Chapter k we will 
use the eigenfunctions ^ of J2 and J , where the total angular momen-
tum J = L + S. For singlet states the eigenvalues of Si2 are 0, but for 
triplet states we have in this representation 
l = j-1 
512 = I 0 2 0 I I = j 
- 2 j + 2 
2 j + 1 
 
6Пі(.і+ іЛ2 
2 j + 1 
0 
0 
6 β (.Hi Л * 
2 j + 1 
 
-2,1-1*. 
2 j + 1 l = j+1 . (3.28) 
From this matrix it can be seen that there is coupling between states 
having £ = j + 1, hut that there is no coupling between these states and 
states having i = j. This is a consequence of the conservation of parity. 
The matrix elements for the spin-orbit operator L*S can be found, 
using L*S = g(J2-L2-S2). This gives for the singlet states L*S = 0, and 
for the triplet states, using the same representation as above. 
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j - 1 
0 
0 
0 
- 1 
0 
0 
0 
- ( j + 2 ) 
L-S = 
(3.29) 
so this potential does not give coupling between states of different orbi­
tal angular momentum. 
We can obtain the potential in coordinate space from the potential in 
momentum space by means of the Fourier transformation 
1 ikr 
V(r,q) = !—• Jd3k V(k,q)e ~~ . (3.30) 
(27Г)3 
The q in V(r,q) denotes now a differential operator working on the baryon 
." " 52) . . . . 
wave functions , hence giving rise to a non-local potential. Since we 
have neglected this q-dependence from the start, this non-locality does not 
arise in our potentials. 
Due to the presence of terms with k2 and higher powers of к in (3.22), 
not all the integrals converge. This divergency is partly caused by the de­
velopments we have used (3.19), but they are also caused by the derivatives 
in the Hamiltonian (3.12). We can circumvent these divergencies by intro­
ducing a cut-off function v(k), being 1 for small values of k, but v(k) = 0 
for values of к much larger than m. This procedure limits the validity of 
our derivation to not too small separations of the baryons. This is not so 
serious, since for short distances other errors are already present. More­
over, at very short distances the hard core will be the only remaining in­
fluence. 
52) . 
We will use the following integrals , in which the cut-off is under­stood: 
1
 id3k f(k2) — ! — e "' = у- ф(х) f(-m2) 
(2π)3 ' " k2+m2 
1 
(o1«k)(a2'k) ікт 3 _. 
J d3 k f(k2) - - - - e - - = _ £ . [ ! (£l.22H(x)+S12x(x)Jf(-m
2), 
(2π)3 k2+m2 
1 iS· [kxq] ik.r 3 J d3 k f(k2) - - - e - - = - S_ [1 + I_| ф(х)а.ЗЖ-т 2) 
( 2 π ) 3 " k 2 + m 2 χ 
I n t h i s f o r m u l a e χ = m r . 
(3.31) 
- χ - χ 
e . ,
 λ
 e (x) = 1 ^1 + ¿
 + ¿_J ^— , and φ(χ) = 
X X χ 
3k 
The potential in coordinate space due to the exchange of a pseudo-
scalar meson, is therefore given by 
Ρ Ρ 
V p s =£ΐ^πι[1(σ 1·σ 2) φ(χ) + S 1 2 X(x)] (3.32) 
Due to the exchange of a vector meson it is 
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Fig. 3.3. Crossed and uncrossed 
diagrams for two pion exchange. 
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For completeness ve quote the two pion 
22) 
exchange potentials . They consist of 
* // two parts, V and V , obtained from 
r
 ππ ππ 
the diagrams in Fig. 3.3. The contributions 
of the crossed diagram are, apart from the 
coupling constants. 
ππ 2π 
22
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 23)
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(3.3U) 
and of the uncrossed diagram 
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 5_
 +
 5_| e-XK1(x)+ (Ι- + J-) e-^ (χ) 
χ
2
 χ
3
 χ
4
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 1
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The Bessel functions Κ (χ) are defined by 
42 · (3.35) 
η 
„- / \ Г(п+І) ,2чП e cos kx ,. ,_ .¿ч 
К (x) = 1 (-) I — τ dk . (3.36) 
π*
 X
 Ь (k2
+1)
n+2 
3.4. The coupling constants. 
Our first calculations (Chapter 7) were done with potentials obtained 
from the exchange of the pseudoscalar mesons π, К, and η . These poten­
tials are given by (3.32), (З.ЗМ, and (3.35), but we have still to agree 
about the choice of the coupling constants. 
It is generally accepted that the strong interactions are charge in­
dependent. This can be described conveniently by the well known isospin 
formalism. One defines an abstract space, the isotopie spin space or iso­
space, analogous to ordinary spin space. In this space one makes the 
following assignments for the field operators corresponding to the various 
particles: Л and η are scalars in isotopie spin space, Σ and π are vectors, 
and Ξ, N, К ала К are spinors. A charge independent interaction Hamilto-
nian should be a scalar in isospace. Assuming only Yukawa couplings between 
the baryons and the pseudoscalar mesons, the most general Hermitean inter­
action Hamiltonian that is a scalar in isospace and that conserves hyper-
charge and baryon number can be written as 
\ = 6NNu(ÌÌlINl)'- + δ
ΞΞπ
(Ν2τΝ2)·π + β
ΛΣττ
(ΛΣ + ΣΛ)·π " i g ^ Ü *Σ)·π + 
+
 %Νη ( ί Ϊ1 Ν1 ) η + β
ΞΞη
<52Ν2)η + βΛΛηΛΛπ + в ^ - П п + 
+ gNAK{(ÑiK)A + ЛСІШ!)} + g H A K {(Ñ2Kc)A + Л(ІуІ2)} + 
+ g^UMKTNjMÑ^K)·*:} + gEZK{S-(KcTN ) + (Ν2τΚο)·Σ} , (3.37) 
we have used t h e n o t a t i o n 
/PI \-
Nl = ( J , N 2 = ^-j •> K = 
/K+ 
W ' K c = 
ί κ
θ 1 
UK"/ 
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and the inner product Σ · π = Σ π + Σ π + Σ π . 
We have followed the usual convention by denoting ρ as the destruction ope­
rator of a proton or a creation operator of an antiproton, and we have sup­
pressed the space and time dependence in this Hamiltonian. 
We will use this Hamiltonian to include the isospin factors in the po­
tential. Defining V
 R as a potential that couples the state containing hype­
ron A with the state containing hyperon B, we get for the coupling constants 
to be inserted in V... 
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We have included a factor Ρ = -Ρ Ρ where Ρ and Ρ are space and spin ex-
x σ χ σ 
change operators. This factor is caused by the fact that the diagrams for 
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K-mesons (see Fig. 3.1) exchange the initial and final states 
The Hamiltonian (3.37) contains twelve independent coupling constants 
of which we have used eight in (3.38). In order to reduce the number of in­
dependent parameters we will require that the interaction Hamiltonian is 
invariant under SU(3) transformations. 
In order to derive an SU(3) invariant Hamiltonian, we will consider 
2) . . . 
briefly this theory . After the success of the isospin formalism several 
higher symmetry schemes that treat isospin and hypercharge on an equal 
footing have been proposed. The most successful theory is the octet model, 
3) k) 
proposed independently by Gell-Mann and Ne'eman . In this model the 
irreducible representations (l.R.) of the unitary unimodular transformation 
group SU(3) in a three-dimensional complex linear vector space are con­
sidered. The strongly interacting particles are assigned to these I.R., in 
the same way as the isospin multiplets are assigned to l.R. of SU(2). In 
the octet model, unlike SU(2), not all possible l.R. of SU(3) are utilized, 
but only those l.R. that provide an integral charge and hypercharge. Hence 
only a one-dimensional representation (a singlet), ал eight-dimensional re­
presentation (octet), a ten-dimensional representation (decuplet) etc. 
arise, but not the fundamental three-dimensional representation (triplet). 
The baryons Ν, Σ, Л, and Ξ form an octet, and so do the mesons π. К, and η. 
The X is a unitary singlet. 
Within a multiplet each particle is uniquely determined by its eigen­
values for the commuting operators Τ , Y, and Τ2. Other properties like 
spin, parity and baryon number are the same for all particles within a 
multiplet. Also, for an exactly valid symmetry, the masses of the particles 
should be equal. Since this symmetry is broken not all the masses are equal 
(see e.g. Table 1.1 of Chapter I), but, assuming octet-dominance, a rela­
tion between the masses of the particles in a multiplet exists . The 
physical idea is that the strong interactions can be divided into two parts, 
namely a part which is invariant under SU(3) and a part which breaks SU(3) 
symmetry, but still commutes with Τ and Y. The Gell-Mann - Okubo mass for­
mula then results: 
M = M + Ml Y + M2 (Т(Т+1)-2 Υ
2) , (3.39) 
where for fermions M is the mass of the particles and for bosons the mass 
squared. This gives for the baryon octet bL· + M„ = 3M./2 + M_/2 and for the 
pseudoscalar mesons m 2 = 3m 2A + m2/U. Both formulae are satisfied to with­
in a few MeV. 
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For the vector mesons there is another complication. If one assumes 
p, K* and ω belonging to the same octet, the mass formula is not satis-
fied very well. The generally accepted explanation for this feature is 
as follows. In the absence of the SU(3) breaking strong interaction one has 
an octet of vector mesons ρ. Κ* , φ , and a unitary singlet ω . Due to the 
SU(3) breaking interaction the ω and φ mix with each other and the physi­
cal particles become 
ω = ω соз + φ зіп , 
о о ' 
Ф = -Ф sine + ω cose , (з.ио) 
with a mixing angle θ 'v 35 ^ arctg(l//2), obtained from the mass formula 
(З.З9) and the masses of the physical particles. 
An octet can be described by a 3 x 3 traceless matrix. Using the phase 
57) 
convention of De Swart , we can write 
+ 
В = Ι Σ" - -!- Σ0+ — Λ 
/2 /ζ 
_o 
1 _° 1 - _+ 
— Σ + — Λ Σ 
/2 /6 
1 _° 1 
B = l Σ - — Σ + — Λ 
/2 /6 
-ρ -η 
-φ 
1 ο^ 1 + 
/2 /δ" 
Ρ = | π" - 1- π 0
+
 1- η - Κ0 
/2 /6 
_ο 
-Κ 
39 
1
 о ^ 
— ρ + 
/ 2 
Р~ 
. -к*" 
1 
— ω 
/ 2 
+ 
Ρ 
1 о ^ 1 
- — ρ + — ω 
/ 2 / 2 
- κ *
0 
- κ *
4 
- κ *
0 
Φ 
= ρ - — ρ + — ω Κ " , (3.U1) 
where we define ρ as the wave function of an proton, etc. For the vector 
mesons we did not use a traceless matrix, but we included the φ-ω mixing 
approximately. This corresponds to the mixing angle given above. 
An invariant Hamiltonian for Yukawa interactions BBM can be construc­
ted by using the invariants Tr(BBM), Tr(BMB) and Tr(BB)Tr M. The linear 
combination 
#. = g/2 {a[BBP]F + (1-a) [ВВР]^ , (3.1+2) 
is usually taken, with 
[BBP] = Tr(BPB) - Tr(BBP) , 
[BBP] = Tr(BBP) + Tr(BPB) - ·| Tr(BB)TrP . (3.1+3) 
Consequently, we have for BBP interactions only two independent parameters, 
the coupling constant g = g and the parameter a, sometimes called the 
F/(F+D) ratio. SU(3) symmetry as such gives no predictions about the value 
с Π ) 
of this parameter, but there are several reasons to assume that α ^  O.h 
One of our aims is to see whether this value of α is consistent with the 
hyperon-nucleon interaction data. 
Using this procedure, we can write the coupling constants as a func­
tion of g and a. We get 
%Ил = β gMn = І ^ 6 ( l m - 1 ) gNAK = - І ^ 1 + 2 a ) 
6
ΞΞπ
 =
 - e
( l
-
2 a )
 β==
η
 =
 - ^ g O + S a ) g
=AK =l/3g(l+a-l) 
β
ΛΣπ
 =
 f ^  e ( 1- a ) ε
Σ
Ση
 =
 f ^  β(1-ο) % Σ Κ = s ( 1- 2 a ) 
β
Σ Σ π
 = 2ga e A A l l = - | / 3 g ( l - a ) g ^ K = -g . (3.1+1+) 
We have suppressed the space-time dependence in our Hamiltonian. In 
fact, for BBP interactions two Hamiltonians, a direct coupling igij> у^ф and 
a derivative coupling (f/m) ψγ γ5ψ3 φ are possible. According to the equi-
59) . μ μ 
valence theorem they give the same result if one relates the coupling 
kO 
constants by 
e = ^ f (3Λ5) 
m 
If the masses of the particles were equal, it would make no difference 
which coupling constants one assumes to obey unitary symmetry. If the 
masses are broken, there is a difference, mainly because of the large 
difference between m and LL. or m . We have chosen unitary symmetry for 
the pseudoscalar coupling constants g. 
When we use the second set of potentials, we will require SU(6) symme­
try to find relations for the coupling constants. In order to derive these 
relations, we will suppose first SU(3) symmetry. An SU(3) invariant Hamil-
tonian can then be written as 
«j = gp/2U[BBP]F + (l-a)[BBP]D} + g p ) S [BBP] S + 
+ е / 2 Ц [ в в ]
р
 + (I-C^)[BBV] D } + g^glBBVlg + 
+ f
v
/2{a;[BBV]F + (l-a*)[BBV]D} + f V j S[BBV] s . (3.U6) 
We have included the pseudoscalar unitary singlet X (mass about 96О MeV) 
in Ρ by redefining Ρ as 
П -
 ρ
β
+
 3= χ 0 'I · " · * > 
This implies no η - X mixing, which is in fact very small . Because of 
it [EBP] = Tr(BB)TrP now gives a non-vanishing contribution. This Hamil-
tonian gives us as many as 9 parameters of which only a few are known expe­
rimentally. 
An obvious generalization of SU(3) symmetry is the group SU(6), which 
contains the unitary spin group SU(3) and the ordinary spin group SU(2). 
One assumes that the static phenomena involving hadrons are described ap­
proximately by SU(6). This symmetry group is essentially a non-relativistic 
6l) . . . . . . 
theory , since the Lorentz transformations would mix the intrinsic spin 
and the orbital angular momentum. In spite of many attempts, a satisfactory 
generalization of SU(6) to the relativistic domain has not been given. We 
will not discuss the properties of the SU(6) symmetry scheme nor its rela­
tivistic generalizations which are surveyed by many authors 
Although not all questions concerning SU(6) and its relativistic gene­
ralizations have been resolved, we will use some of its predictions. In the 
i+l 
SU(6) theory the 8 pseudoscalar mesons and the 3*9 vector mesons (3 for 
the spin) are assigned to a 35-plet, whereas the baryons of the SU(3) octet 
and decuplet are assigned to a 56-plet. In the relativistic generalizations 
the pseudoscaJLar X is usually included, giving a Зб-plet for the mesons. 
Given the symmetry group and the assignments for the particles, it is 
a rather trivial but laborious task to find the relations for the coupling 
constants. One of the earliest results of SU(6) symmetry was the pre­
diction that for BBP interactions a = O.h and a relation between g and g , 
giving gy/(h-n) ^0.5· In fact, deriving these relations, one is already 
beyond the static SU(6) theory. The several approaches towards a relativis­
tic generalization of the static SU(6) theory do not yield always the same 
results for the coupling constants, but neglecting terms of order (m/M)2 
with respect to 1, one generally finds the a's for the BBP and BBV vertices. 
/ о \ 
Also the coupling constants for the unitary singlet mesons (X and ω ) can 
be related to the other ones. 
When we are considering potentials due both to pseudoscalar and vector 
mesons we will use the following interaction Hamiltonian, written in the 
same way as (3.22), 
*i = gp^{| M F + I M D + ^ Ë B P ^ s } + ^ { M F + Ms} + 
+ f /2 j ! [B3V]F + | [BBV]D + ^[BBP]SJ . (3.1*8) 
e 
Considering the electric type of coupling, we see that we have OL. = 1. This 
is not only an implication of SU(6) symmetry, but it has been proposed be-
^ о , - И ) fore by Sakurai 
The coupling constants can now be expressed in terms of g , g , and 
f , using α = O.U, 1, and 0.U, respectively, in (3-hk) and replacing the 
pseudoscalar indices by the vectorial ones for g^ and f . The coupling 
constants for the unitary singlets are given by 
g 
NNX0 
gNNü) 
О 
Γ
ΝΝω 
= - /ζ fr 
5 *ΝΝπ 
= /S" g 
gNNp 
- τ *
 f
™p (3.1+9) 
Using (3.1+0) for the ω-φ mixing we obtain for the coupling constants of the 
physical particles 
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/2 + /1 
δ
ΝΝω 3 %Νω 3 6ΝΝφ ' 
ο ο 
/Τ /Ε" 
6
ΝΝφ 3" %Νω + 3 εΝΝφ » (3-50) 
and an analogous relation is valid for the f. 
The potential between the baryons В and B' can now be written as 
вв. • h 0i Σ/ΒΒ.μ і м . (3.51) 
In this formula i runs over the different terms given in (3.2U), μ runs 
over the mesons whose exchange we assumed, and £„_, is given by (З.ЗЗ) 
BB μ 
and (3.^) for the octet of pseudoscalar mesons, and the analogous formulae 
for the vector mesons. 
CHAPTER 4 
THE SCATTERING FORMALISM 
k.'\ . Introduction. 
The main purpose of this chapter is the derivation of an expression 
for the scattering amplitude. From this amplitude all experimental quanti­
ties can be derived. We will first give the Schrodinger equation for the 
hyperon-nucleon interaction. By means of a partial wave expansion, the 
scattering amplitude will be found. We then will give expressions for the 
experimental quantities in terms of the scattering amplitude. 
The scattering formalism of particles with non zero spin is well known. 
One defines the total spin of the system S = 5(01+02) and the total angular 
momentum J = L+S, where L is the orbital angular momentum. The eigenfunc-
~ ~ (s)~ tions of S 2 and S , ζ , are composed from the spin wave functions of the 
separate particles with the help of the Clebsch-Gordan coefficients c S l S 2 S , 
min^m 
(s)
 =
 j.
 cSls2s (Sl) (s2) f ( U j 
m 'ΊΠΙ ,ПІ2 т^тгт πΐχ m.2 
and the eigenfunctions of J2 and J , ^ , are formed by using these func-
Z( £) m 
tions and the spherical harmonics Υ (θ, φ): 
m 
yej
 =
 j
 c
l s j (£) (s) 
Í m ¿m£ms m ^ m m£ ms 
Since the potential contains the tensor force (see Chapter 3), the 
Hamiltonian no longer commutes with L2, but it does with J2 and S2, and 
also with the parity operator P, as we are dealing with strong interac-
tions. Considering the eigenfunctions of L2, S2, J2, J and P, we have: 
s = 0 
s = 1 
s = 1 
^ = J 
Л = j 
Л = j + 1 
Р = ( - ) J 
Р = i-)0 
Ρ = ( - ) j + 1 
We call these states singlet, triplet-uncoupled, and triplet-coupled, res­
pectively. In the last case the solutions of the Schrodinger equation will 
be a linear combination of ^ J ' 'J and ^ ' , but of course there 
0
 m
 ü
 m 
will be no coupling with states having opposite parity or different spin. 
2s+1 
Using the spectroscopic notation £., we have the following states. 
J 
1+lt 
S Ν 
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1 
• 1 
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Ч 
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If we had not excluded terms containing 01-02 in the potential (see 
the discussion following (3.21)), the Hamiltonian would not have commuted 
with S2. In that case also the states with different spin would be coupled, 
1 . 3 hence, giving, for example, a coupling of the P. with the P. state. 
Besides the coupling between states of different orbital angular mo­
mentum there is another type of coupling, namely for Σ~ρ scattering the 
coupling with channels consisting of other particles. We have the reactions 
IIa, ІІЪ and 11° (see Chapter 2). 
Due to these couplings we will obtain from the Schrödinger equation a 
set of coupled differential equations. 
4.2. The partial wave expansion. 
In the cm. system the Schrödinger equation, in units η = с = 1, reads 
¿m 
where m is the reduced mass operator. We will decouple this equation in a 
set of matrix differential equations. 
The wave function ψ can be written as 
Ψ = Σ ψ n , (U.U) 
α α α 
where η is the particle wave function for the different channels. These 
α 
functions can be described by using the so called isospin basis, as has 
15-17 22 23) been done by De Swart et al ' ' One uses as a basis the T=1/2 
and T=3/2 isospin wave functions and afterwards an orthogonal transforma­
tion to the particle basis is performed. We will use this particle basis 
directly, choosing as our basis states (An) (Σ n), and (Σ p) for Σ ρ in­
teractions or (Σ ρ) for Σ ρ scattering. This has the advantage that we can 
take into account directly the breaking of isospin symmetry, caused by elec-
tronagnetic interactions and by the mass differences in the different 
it5 
channels. 
For Σ ρ scattering we write ψ as a vector 
ψ = 
Ψ \ 
^Лп » 
Σ
0
η 
Σ ρ 
(it.5) 
The action of the potential on this vector can be described by the real 
symmetric matrix V, 
V = 
лл
 v 
Λ Λ
 ΛΣ
0 
V V 
Σ
0
Λ Σ
0
Σ
0 
V V _ 
Σ~Λ Σ Σ
0 
ΛΣ 
Σ
0
Σ-
Σ Σ / 
(U.6) 
Consider for the moment a definite channel. We can expand ψ in partial 
waves 
, . , к"
3
Лг)^( ,ф) , 
κ-ι 
(U.7) 
where R describes the radial dependence. We substitute (k.j) into the 
Schrödinger equation and by using the orthogonality of the ^ J we will 
separate off the angular dependence. Since [ S 2 , H ] =0 we obtain two un-
coupled equations for s=0 (singlet) and s=1 (triplet). Due to the presence 
of the tensor potential V S ^ , we have 
о m H 4 m 14 о m 
where £.=j-1 and Ä.,=j + 1, but when l=j we have 
uJ1J = ν 4^^ 
v m jj <J m 
Hence, there is no coupling between states with £=j and A=j+1. 
In the triplet coupled case the general form of the solution of the 
Schrödinger equation for given j and m can therefore be written as 
Ψ 
»)-Vi ( r ) 
m 
X fr) 
m 
tu j + i»i»j 
â m 
(U.8) 
ι* fi 
where X. Л г ) is a solution of the radial Schrödinger equation with Ä-=j+1 
When V acts on this wave function, we get 
νψ 
(j) -
m 
X (r) X ,(r) 
V — + V — 
11 r IV r 
fi * 
г 
ι '\ 
L 
X £ ( r ) 
+ V — + V 
! VI r VV 
h^lr·" 
m 
(U.9) 
We will write this in matrix form by defining the vector 
X = (it.10) 
and the symmetric matrix 
V = 11 гг 
V V VS. VV-
(U.11) 
Combining now the coupling between the different channels and between 
states of different orbital angular momentum, we can write the radial 
Schrödinger equation as 
r^2 
Ldr2 r2 
+ k¿ - U χ = 0 (U.12) 
For Σ~ρ scattering Χ is a vector with components X^, X2, and X3, and for 
the triplet-coupled case each component X is again the vector (U.10), 
yielding for X a vector with six components. The orbital angular momentum 
L 2 is the diagonal matrix 
/£(¿+1) 0 
Î.U+1) 
0 
(li.13) 
for singlet and triplet-uncoupled cases; for triplet-coupled states each 
diagonal element should be replaced by the 2 x 2 matrix 
0 
0 
іЧ +і) 
(і*.іЮ 
The momenta k. and k. in channel i and j are related through 
1+7 
k2/2m. + м! 1 ) + M^ 2 ) = k2/2m. + M(.1) + М(.2) , (U.15) 
where m. are the reduced masses in the different channels, and M. are the 
ι ι 
rest masses of the particles in each channel. Hence k 2 in (U.12) is a 3 x 3 
or б χ 6 matrix with the diagonal elements k? as the only non zero elements. 
J 
The matrix U is defined by the relation U = 2mV, where V is given by {h.6) 
and m is the matrix 
m = 
m l 
0 
0 
0 
m2 
0 
0 
0 
тз 
(Ь.іб) 
For triplet coupled states each element of V is again the matrix (U.ll). 
For Σ ρ scattering we have only the elastic channel, and equation 
(U.12) consists at most of 2 χ 2 matrices, this being the case in the trip­
let coupled state. 
The η χ η matrix equation (k.'\2) has η independent solutions satis­
fying the required boundary condition X(r)=0 at r=0 or r=r , r being the 
hard core radius. We consider these solutions as the columns of a η χ η 
matrix Ψ. Consequently, we have for the Schrodinger equation 
•d2 L 2 
- — + k z - U 
.dr2 г 2 
Ψ = 0 . (lt.17) 
Using the symmetry of V, we can derive from (U.17) a relation that we 
will need later. It is 
ψ m " V - Гт~1Ч' = 0 , ;U.l8) 
where means transposition and ' differentiation. 
h.3. The scattering amplitude. 
In order to describe the scattering process we consider a plane wave 
τ Ir γι ( Я J 
e ~'~ζ ц. of incoming particles in channel i. We suppose the particles 
to be in a definite eigenstate of the total spin. The z-axis is taken in 
the direction of motion of the incident hyperons. We require that after 
the scattering only the plane wave in the channel i and outgoing spherical 
waves in the channels f are present at large distances from the scattering 
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center. The scattering amplitude is then defined by requiring that, asymp­
totically, the solution of (U.3) is 
as 
We expand the incoming plane wave in partial waves, using the spheri­
cal Hankel functions 
h[l)(p) = ό£(ρ) + in£(p) 
h[2)(p) = JÄ(p) - іп£(р) , (Ц.20) 
where j and η are the spherical Bessel and Neumann functions. For ρ-χ» the 
asymptotic behaviour of the spherical Hankel functions is 
h[Z)(p)y іе І ( р-^^/р . (U.21) 
This gives 
ik_. ζ 
e ' 4 4 = ^ Σ-0 l^)h^\hr)^ihrml2 
This will be transformed by the interaction into 
' '
1 í j u - . f < S ! t + 1 > l i , c S ¿ l b í ? > V ! , t . í f i + 
+ <f t ' | s , | e i> Ы^/ш^ h ' l ' d y r ) ) ^ r s ¿ n f . (I4.23) 
We have to insert here the factor (m к /т.к.)2 to be sure that when the 
coupling is such that the particles all go out via one definite channel, 
the flux in that channel equals the outgoing flux in the absence of coup­
ling. This gives us a unitary S-matrix. Using the asymptotic behaviour 
(U.21) and the definition of the 4 J {k.2), we can subtract the plane 
wave, yielding 
ik.z , ч ι ι ο
 n
ι f / v. 
_
 Ω
 ι fis) g ν (оэл.л\г ;£-£' e ι 
ч> - е ζ n.+ тг ).,,(2¿+1) i -г- — 
as m i J<-í· >f ik.г \ ν 
4 'J 
С
 £ ,
, V CÍ¡SJ Y г , 1 ( ,ф)<0'|з.-і|іІІ> £ ( S¡ η_ . (k.2h) 
m-m'm'm Ошт m-rn' J m f 
Using (1+.19), we get for the scattering amplitude 
M . = І І - y (2A+1)* i"
0-4
' С
 Γ S
 J C £ S J 
mm',if ik. ^jii' m-m'm'm Omm 
у
( г ,)( ,ф)<Г£'|з.-і|гі> . (It.25) 
m—m j ' 
This formula can be simplified for singlet states: 
1 
M 
І.(2г+і)а Υ ( £ )(Θ,Φ)<Γ|8 -І|І> . (k.26) 
ε,if ik. Ll 
ι 
We have tabulated terms occuring in the scattering amplitude Μ ,(θ,0) for 
mm 
values of I and j of interest for us, apart from the factor <|S-1|>/(2ik. ) 
(see Table k . 1 ) . 
U.k. The experimental quantities. 
We will use the expression for the scattering amplitude, derived in 
the last section, to calculate the cross sections, angular distributions, 
and polarizations. 
The angular distributions are given by 
1 dû I .
 Ί
 . '
M
singlet' ' 
singlet 
'HI =ТІ , |M ,|2 . (U.27) 
i dû I . -, _,_ 3 ^тт' ' mm' ' triplet 
In the last equation we sum over the different spin states of the final 
state and average over those of the incoming state, this last operation 
giving the factor 1/3. By integrating over dû and using the orthogonality 
of the spherical harmonies and the symmetry properties of the Clebsch-
Gordan coefficients, we get for the total cross sections 
a s ( i - f ) = ^ - J" (2*+l)|<*f|srl|n>|2 , 
k? 
ι 
o (i + f)
 =
^ L · I (2j
 +
 l)|<£'f|s .-l|i£>|2 , (U.28) 
3k? J J 
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/ i О О \ / - -J- /2(Зсоз2 - і ) 
О 1 О 
1 \ О о 
- -р з і п соз 
\-j¡/2 s i n 2 e 
•s· з і п соз 
•1 /2(Зсоз2 - і ) 
•^  з і п соз 
- Д ^ з і п
2
 \ 
•р з і п соз 
- -J- ^(ΒΟΟΒΖΘ-Ι)/ 
Ί Ί 
3 3 
S 1 - D 1 
/-І/2 
О 
о 
о 
/2 
О 
о 
о 
0 0 0 
- 2 ^ з і п соз 1/2 з і п 
•^  соз χ· /2 s ino 
0 0 
\ 0 - -ц· /2 з і п 
0 
о 
з 
7J с о з 
3 
-^ соз 
•|· У^" з і п 
- -ц- ^ з і п 
2 соз 
| · ^ s i n e 
\ 
- -i ^" s ine 
3 
•^  cose / 
/ - •- /5"(5cos3e-3cose) - -jr ^ ' ( 5 c o s 2 e - i ) s i n e 
- -τ /3(5соз - і ) з і п 
I - -г· /Е(cosθ-cosЗ ) 
- -г /ζ(cose-eos3θ) \ 
j ; /^(ЗсозЗ -Зсоз ) "I / 3 ( 5 c o s 2 e - l ) s i n e 
^ /3(5cos 2 e-i)sine - -ц- /S"(5cos3e-3cose) I 
( i ) (Зсоз ) 
1, 
Table 4.1. Terms of the scattering amplitude for 0 = 0, apart from the factor 
<; S- 11 > /(2ik.). The form of the triplet matrices is /M. 
M 
11 
01 
10 
00 
1-1 
0 - 1 
j M - n м _ 1 0 м _ 1 ^ 1 
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and 
σ. . (i + t) = Ι σ (i -> f) + Ι a. (i + f) . (h.29) 
tot S t 
The capture ratio r is defined in Chapter 2. Using the assumptions 
mentioned there, it is given by 
r = lim 
и
 к.-* О 
ι 
^ σ
ε
(Σ~ρ+Σ 0η) 
σ (Σ ρ>Σ0η)+σ (Σ~ρ-*Λη) 
σ (Σ"ρ^Σ 0η) 
+ £ _Ε _ 
σ (Σ ρ->-Σ0η)+σ (Σ ρ-)-Λη) 
(U.30) 
where σ and σ are the singlet and triplet cross sections for î,=0. The 
ratio in flight r , however, is 
г 
g t o t ( £ " P ^ 0 n ) . . ^ , 
r F = . (U.31) 
σ. (Σ ρ->·Σ η)+σ, . (Σ ρ ->Λη) 
tot tot 
In order to derive an expression for the polarization in terms of the 
scattering amplitudes, we will first give an outline of the treatment by 
• 63) . 
Wolfenstein . The spin state of the two particle system is described by 
a vector a(n) with four components, where η numbers the particle systems. 
Furthermore, we describe each operator by a linear combination of sixteen 
basis matrices S , μ=1...ΐ6. Since we consider only hermitean operators, 
we can choose for the S a hermitean set and we have to consider only real 
linear combinations. We assume the unit matrix being part of this set and 
we normalize our basis matrices such that 
Tr(SUSV) = k 6
 v
 . (U.32) 
We define a density matrix ρ. = Σ а.(п)а
г
* (η), giving for the average of 
JK η j κ 
the expectation value of the operator 8 μ 
<3μ> = Tr(pSM)/Tr(p) . (U.33) 
Because of the interaction a plane wave in a definite spin state will 
be transformed into 
ψ.(η) = e i k Z a.(n) + e i k r Σ,
Ί
Μ..(θ,φ) a (n)/r . 
J J *• J *- t 
5? 
Defining now a density matrix for the final states ρ by 
Pf;jk = En af,j ( n )4,k ( n )' W e h a V e 
p f = M p i M (U.3U) 
.V\„V Consequently, with ρ = ¡U1^ Tr(pSv)Sv, 
<Ξ
μ
> = I Tr(p.)Tr(E M<SV>.SVM 3У)/Тг(р ) (lt.35) 
When unpolarized particles are scattered on an unpolarized target, all 
<S >. are zero, except the unit matrix, so we get 
<SlJ>f = J Тг(р.) Tr(MMV)/Tr(pf) (U.36) 
The polarization is defined as the vector Ρ with direction η given by 
the direction of <σ> and with size Ρ = (<σ >^+ <σ >2+ <σ > 2 ) 5 . Using 
Tr(p )/Tr(p.) = I Tr(M M ) , we can write 
Ρ = Tr(MM+ SUn)/Tr(M+M) (U.37) 
On the singlet-triplet basis, M has the form 
/ M 
M = 
11 
01 
\ 0 
-11 
10 
00 
-10 
1-1 
0-1 
-1-1 
о 
о 
о 
M 
(U.3Ö) 
The polarization is in the direction 
η = k^V^i'-f1 (h.39) 
We take our coordinate axes such that k. points to the direction of the po-
- i 
sitive z-axis and we take к in the x-z plane, which is no restriction. For 
the polarization of the scattered hyperon we then only have to know <σι > 
where aj is the spin operator for the hyperon. On the singlet-triplet basis 
σι i s g i v e n 
i 
σι = — 
У /2 
by 
/ 
Ι
 0 
1 
0 
I -1 
- 1 
0 
1 
0 
0 
- 1 
0 
- 1 
1 
0 
1 
0 
(U.UO) 
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Using M .(φ=0) = (-) m" m Μ ,(ф=0), we get finally 
m,iii -m,-m 
Ρ = -2/2 I m ( M Q 1 M 1 1 + M 0 * 0 M 1 0 + M ^ 1 1 M 0 1 ) / T r ( M
+ M ) , (U.Hi) 
where all the matrix elements of M axe taken at φ=0. 
When the total spin is not conserved, the elements in the last row and 
column of M (k.38) in general will be different from zero. This implies 
that the polarization of the outgoing hyperon and nucleón are no longer 
τ 17,610 
equal 
U.5. Some useful formulas. 
The S-matrix element in (H.25) can be calculated if one knows the wave 
function and its derivative at some point outside the range of the potential. 
We can write the solution of the Schrödinger equation at distances so large 
that the potentials can be neglected, as follows: 
Ψ(Γ)= ( т / к ^ и ^ к г Ж ^ - Ы ^ к г П і Л т / к Г * , (U.U2) 
where J (kr) and N (kr) are diagonal matrices with elements k.r j (k.r) 
and k.r η (k.r). The factor (m/k) is needed to give a unitary S-matrix, 
the factor к (m/k) is a convenient normal ization. The real matrix К is 
related to the S-matrix by 
s = (І+ІЮО-ІКГ1 . (k.h3) 
We actually find the K-matrix by numerical integration (see Chapter 6) 
of the Schrödinger equation from the hard core radius to a point r where 
the potentials can be neglected. We find then the wave function u(r) and its 
derivative u'(r) at r and join them to (k.k2) by requiring 
u В = Ψ(Γ) , 
u'B = 4"(r) , (H.MO 
where В is an arbitrary non-singular matrix. Multiplying from the left 
Ό — 1 'Χι — 1 
with u'm and um respectively, we get, after subtraction and using 
(H.18), 
К = (mk)^(u,N,-uN)"1(2í,J,-2íj)(mk)"^ . (Η.1*5) 
65) 
It is possible to give an effective range expansion for К . Using 
the same assumptions as are used for the well known expansion 
к cotgó = (-1/а)+зг к2, De Swart and Dullemond give the expression 
k£+* K-1 k^^ = -A"1 + ¿(k2-k2)' R(k2-k2)^ . (U.U6) 
о о 
Here R and A are matrices, к is a diagonal matrix with elements k. 
and к is the momentum corresponding to the energy at which the expansion 
is performed. By writing the expansion in the form (Ц.1+6), we obtain for 
the scattering length A and effective range R symmetric matrices. For a 
discussion of A and R we refer to reference 16. 
CHAPTER 5 
COULOMB INTERACTIONS 
5.1. The Coulomb wave functions. 
Besides the short range strong interactions between the hyperon and 
the nucleón the Coulomb interaction for the Σ_ρ and Σ ρ channels should be 
included. Because of the long range of these potentials some changes in the 
foregoing treatment must be made. We will first give some properties of the 
Coulomb wave functions, after which we will outline the well known scatter­
ing of particles having Coulomb interactions with no coupling to other 
fifi ) 
channels . This is done to settle the notation and to clarify the main 
changes we need for the many channel formalism. 
Consider two particles with charges Z^e and Z2e, where e is the proton 
charge, having only Coulomb interactions. The Schrodinger equation is 
[rh V 2 + ^ 2 ^ - - Ε] Ψ(Γ) = 0 . (5.1) 
We use the dimensionless constant n=ZiZ2e2m/k and define 
Xn( r) (a) 
Using p=kr, we obtain for X the equation 
„j • [, . sa . iiiill]
 X t . о . ,„, 
Ρ 
As two independent solutions of (5·2) one usually taJces the so called Cou­
lomb wave functions F (η,ρ) and G (n,p). The first one is regular at the 
origin. Their asymptotic behaviour for p-*» is 
F (η,ρ) i 3Ϊη(ρ-ηΑ.η 2p-sJU+0£) , 
Ο^η,ρ) i cos{p-T\ln Zp-llv+a^ , (5.3) 
where the Coulomb phase shift σ is defined by 
al = arg rU+1+in) . (5.10 
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For the regular Coulomb wave function the series expansion 
F£(n,p) = C£(n) i;=,+1 A*(n) p
n
 (5.5) 
can he derived ' »in which the coefficients Α (η) are defined by 
{n(n-l) - ¿(£+ΐ)}Αλ(η) = 2η Α* .(η) - А^ _(n) , 
n n-1 n—¿. 
Aj+1(n) = 1 , 
<
+
2 ( η ) = Τ Τ Τ · (5.6) 
The constants С (η) are given by 
0
Α
( η )
 •
 α
ο
( η )
 тгітттгу
 8 ; 1 (1 *hV (5.7) 
for £>0 and 
ι 
c
°
< n ) =
 ( τ ^ Γ · ( 5 · 3 ) 
The irregular function G (η,ρ) has the expansion 
G (η,ρ) = -^— F (n,p)Un2p+ - V y }+D (η)Γ_ .а*(п) ρ" (5.9) 
% C2(n) P £ l n J П""Я n 
о 
with the definitions 
Ч
( П )
 _ yJL s 2Л+1 1
 D ΡΟ+ΐη) г Л п ) 
P £ Ι7ΓΓ - ¿s=0 3 7 7 - ¿β-ι 7
 + R e
 г ( і + і п ) + 2 Ύ + ?77Τ ' 
ini - (-Ί)^1 τ™ V 2 £ ί g" r(in-^n) , 
( η )
 - (20: ^ ¿η=ο { ni(2U1-n) Γ(ίη-£) } 
2ί,+ 1 Ä 
ρ (η) = 2 Π (η2 + η2) for Ä>0 
(2¿+l){(2£)!}2 n=1 
Ρ0(π) = 2η 
D £ ( r i ) = (2¿-H)Í¿(n) · ( 5· 1 0) 
where γ is Euler's constant. The coefficients a (η) are found to be 
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(п-£-1)(п+г)а*(п) = 2na^_ 1 (n)-a^_ 2 (n)-(2n-l)p J l (n)A^(n) , 
a_Jl(n) = 1 , 
a £ + 1 ( n ) = 0 , 
А
1
 {τ\) = 0 for n<£+1 . (5.11) 
We w i l l a l s o use t h e l i n e a r combinations of t h e Coulomb wave funct ions 
TT Cr, „ì i n ir,
 Λ
ί ΐ ( ρ - η £ η 2 ρ - 3 £ π + σ ) (1) , , F £ (n,p)-iG J l (n ) p) Ι 
U£ ( η' ρ ) = ρ ^ - 1 ρ » 
p-V οο 
( 2 ) Ρ,(η,ρ)+χΟ.(η.ρ) -i(p-n£n2p-i£,+aÄ) 
4 2 î ( n . p ) = ^ ^ * i ^  . (5.12) 
κ
 ρ-»-™ 
which are analogous to the spherical Hankel functions used in the previous 
chapter. 
5.2. Coulomb scattering. 
In this section we will consider the scattering caused by a combina­
tion of a short range potential and the Coulomb potential. Because of the 
long range of the last potential it is useful to consider first the scatter­
ing by a Coulomb potential only. 
A solution of the Schrödinger equation (5.1), which is regular at the 
origin and which approaches a plane wave in the z-direction when η-Ю, is 
*C • ** H-O №)* ^ е ' W 2 ) > ^(β.Φ) . (5.13) 
This ψρ can be written as ψ =ψ.+ψ with asymptotic behaviour for p-»-0 
w υ 1 s 
i{kz+n£n(2kr sin2 le)} 
φ. 3¿ e 
ι 
i{kr-n£n(2kr sin2g6)+2a } 
ψ4 3, 2 e о m ( 5 > 1 U ) 
2kr sin250 
Because of the long range of the Coulomb potential ψ. does not behave 
for large r like a plane wave e , but has the asymptotic behaviour given 
by ψ. ^  exp[i{kz+n£nk(r-z)}]. Since for large negative values of ζ the flux 
of ψ. is v^k/m, in the direction of the positive z-axis, one interpretes ψ^-
i χ 
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as an incident plane wave. For large values of r, ψ can be written as 
ψ Зг M ( )ехр[і(кг-п£п2кг)3 /г, hence 
-іпЯп(зіп22 )+2іа 
Μ (θ) = 3 e 0 . (5.15) 
2кзіп25 
—in j¿n2kr 
The factor e is also caused by the long range of the potential. To 
lowest order in 1/r the flux is directed outward along the radius and has 
the value (k/m)|М (θ) | 2/r 2, so we have (àa/diï) = |М (θ)|2. 
When also a short range potential is present, the solution of the 
Schrodinger equation outside the range of that potential will be a linear 
combination of the u defined in (5·12): 
Subtracting now instead of the plane wave, as we have done in Chapter kf 
the Coulomb wave ψ and fixing the constants a by requiring that in ψ-ψ» 
only an outgoing wave is present, we obtain 
ι ι 2ϊσ 2i(S / , 
ψ-ψ
π
 = π
5
 Σ„(2£+1)2 І Я e \е -Du υ Y 
From this it follows that the total scattering amplitude Μ(θ) can be written 
as Μ(θ) = Μ (θ)+Μ^(θ), where Μ (θ) is given by (5.15) and 
5 ι 2in 2ió
 ( . 
V^'ik zA(2Jl+1)2 e (e -1) Y o · ( 5 · 1 7 ) 
This division of the scattering amplitude into two parts amounts to the 
subtraction of the Coulomb contribution, which can be summed directly, 
from the slowly converging series 
J ι 2 І ( а) 
М( ) =jI ΣΑ(2*+1)5 (e Я Z -1) Y ^ ; , 
yielding the much faster converging series (5·17)· 
It should be noted that the phase angle 6. is not equal to the angle 
N . . K 
δ that one would obtain if the same short range potentials but no Coulomb 
potential were present. 
The differentiaJ. cross section do/díí consists of three parts: 
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^=|м
с
( )|2
+
|М
и
( )|2
+
2Ее(М
с
( )М
и
( )) . (5.l8) 
The first part is the well known Coulomb scattering cross section (Ruther­
ford cross section) 
|Μ
ρ
(θ)|2 £ , (5.19) 
C
 It^sin4 ¿Θ 
which is only important for very small values of θ , where it causes a 
sharp peaking in the forward direction. The "nuclear" cross section has 
essentially the same behaviour as the cross section that one would obtain 
when no Coulomb forces were present, but it has a slightly different value. 
Finally, the interference term, although also only important at small 
angles, is greater at larger angles than the Coulomb cross section. 
The values of θ for which the interference term becomes important or 
for which the Rutherford cross section is the most important contribution, 
depend in addition to the strength of the Coulomb potential also on the 
energy. Roughly speaking, (do/dfi) Œ 1/k1* and (do/dfl) » 1/k2. We shall 
± c . 1 F 
see later that for Σ ρ scattering the Coulomb contribution is important 
at cos6 >0.8 for a laboratory energy of 10 MeV. 
The sign of the interference term is determined by the overall proper­
ties of the short range potential and the sign of the charges. If for the 
nuclear potential only S-wave scattering is important, the interference 
term is given by 
- sin2<5 {cos(riJlnsin22e)-sin(n£nsin229)tan6 } . (5.20) 
2k2sin4e 0 0 
So we have a constructive interference when the nuclear and the Coulomb po­
tential are both attractive or both repulsive, provided that no bound state 
is present. 
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5.3. Coupled channels and Coulomb effects. 
The generalization of Section U.3 is now simple. Since we are con­
sidering scattering of incident charged particles, we have an incident 
Coulomb wave 
ф ^ А . ^ І + і М ^ и '
1
 W ) * u < 2 W ) } Cj ; ¿ ^ ; І пз (5.21) 
for Σ ρ scattering. For Σ ρ scattering we have only one η. This case we 
will not consider separately, because the generalization is straightfor­
ward. 
Due to the interaction ψ will be transformed into a wave that out-
Li 
side the range of the nuclear potential can be written as 
^Ц
м
,
г
( 2 , + і )ЧС 0 ^ ( )би,бГ)3 + 
+
 <f£Ίs
< jUЗ>(m f^ t f/m i k i)Ц:
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where w (p)=u (ρ) for channels with a Coulomb potential and w (p)=h (p) for 
the other channels. 
We subtract the incident Coulomb wave from (5.22) and use the asympto­
tic behaviour of the w , given by (U.21) or (5.12). We then get 
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Consequently we can write for the scattering amplitude 
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The cross section consists of three parts, namely the pure Coulomb 
cross section 
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an interference part, and a nuclear part. For spin singlet one has 
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М^)
+
|М^|2 , (5.27) 
singlet 
and for triplet scattering 
do I = | Μ
Γ
( Θ ) | 2 + | Σ Re(M_ M ^ J + l Σ ,\УР,\2 . (5-28) 
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t r i p l e t 
We can compute the S-matrix on the same manner as has been shown in 
Chapter U, Section 5· The only change we have to make is that for channels 
with a Coulomb potential we should replace the spherical Bessel and Neumann 
functions j (kr) and η (kr) by the regular and irregular Coulomb wave func­
tions kr F (n,kr) and -kr G (n,kr). 
5·^. Effective range expansion. 
We will derive an effective range expansion for multiple channel 
scattering, including Coulomb effects. This derivation follows quite close­
ly the treatment given by De Swart and Dullemond for the cases that no 
Coulomb forces are present or for the case that they are only present in 
channels with 1=0. 
In the Schrödinger equation, 
-L·*"* (V-k 4 ) * = ^  . (5.29) 
r 
V contains besides the short range potential V the Coulomb potential, thus 
V
=
V N + f 7 - (5.30) 
with η=0 for channels where no Coulomb forces are present. This means that 
we add to the matrix V the diagonal matrix nk/mr which has only nonzero 
elements for channels with charged particles. Using (5.29) for two diffe­
rent energies, we get 
d /'v 1 ' ^' 1 ч ^ / ч , ч 
- ¿7 (Ψ2 ^  Ψΐ - Ψ2 2^ Ψΐ) = Ψ2(Ει-Ε2)Ψι . (5-31) 
b¿ 
We will also consider the solutions φ of (5.29) with V Ξ 0. They satisfy 
also (5.ЗІ). 
We choose for φ the specific solution 
φ = (m/k)* (FK"1+G)k£+Vm^ , (5-32) 
in which F=F (n,kr) and G=G (n,kr) for channels with Coulomb forces, but in 
channels without Coulomb forces we have F=J (kr) and G=-N (kr). We normalize 
ψ such that for large г ф(г)=ф(г), so there (5·32) is identical to {k.h2). 
Using these solutions, we subtract (5·31) from the analogous equation 
for φ. Integration yields 
00 
[-ФгпГ 1J>!+<hm"V]
e
=2 f αΓ{ψ2(Ε1-Ε2)Ψι-Φ2(Ει-Ε2)Φι} . (5-33) 
ε 
Both sides of the equal sign in (5·33) are singular for ε-Ю. To be able to 
take the limit for ε-Ю, we will substitute (5-32) on the left hand side and 
subtract the singularities from both sides. Since (5·33) is ал identity al­
so the right hand side behaves properly at r=0 when the left hand side does, 
so we can then take the limit. 
For the left hand side of (5·33) we can write 
-k2+Vm5[K21(F2F¡-F2Fl)(klk2)"5K71+K21(F2Gi-F2Gl)(klk2)~^ + 
+(G2F[-G2Fl)(klk2)~§K71+(G2Gl-G2Gl)(klk2)"2]ki+5/m2 . (5.3^) 
We use now the series expansions (5«5) and (5-9) for the Coulomb wave func-
tions. We do not have to consider here the expansions of the spherical 
Bessel and Neumann functions, for the series (5·5) and (5.9) reduce to 
those for the spherical Bessel and Neumann functions when η-Κ). 
It is clear that the first term of (5·3*0 gives no contribution when 
e->0. The other terms give different kinds of contributions. Firstly, they 
give a contribution that is singular for ε-Ю. In the same manner as can be 
done for the effective range expansion without Coulomb forces, we transpose 
these terms to the right hand side to remove the singularities. We will not 
consider these terms in detail, since we are not interested in giving an 
explicit formula for the effective range. It is indeed very hard to give 
such a formula because of the complexity of the series for the Coulomb 
wave functions. The terms that disappear for e-KD we do not have to consider, 
so we have only to retain the terms independent of ε. For these terms we 
ba 
have only to take the first term of each series, except for the product of 
the second series of G . We obtain then for (5-3U) 
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We can now take the limit е-Ю. Then we take the limit кг^к^ Since 
the last term of (5.35) gives no contribution for п=-Л, it has at least the 
energy dependence ОЧк 2), and for Л=0 it disappears. Therefore 
d Í.+1 1 i+l / С Л ( п ) \2 2Л о Ч - я ^ 1 
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is independent of the energy in lowest order. So we can write 
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С (η)" 
о 
^UnlzKnl-äW+^^i = 
- - Τ + i (k2-ki)ä R (k2-k?)ä . (5.36) 
А 2 О О 
We have included the factor (2Л+і)і! so that for η-Ю this formula reduces 
to the effective range expansion (U.U6), neglecting the second term on the 
left hand side of (5.36). 
This term in (5.36) is well known from the effective range expansion 
ne channel and Л=0 ' .In that case it reads 
2nkUn|2nk|-Unn2+ Re -pfj^j + 2γ) ' ( 5 · 3 Τ ) 
б^  
Including the energy independent term 2nk( £.n |2пк|+2у) in the scattering 
length gives back the well known formula 
C2(n)k cotgö + 2nkh(n) = - j + |· (k2-k2)R , (5.38) 
with h(n) = Re r'ÜtinJ - ^nri2· 
For higher Л the equivalent expression of (5.37) is somewhat more com-
21 plicated. We remark that the leading term has the energy dependence к 
Therefore it gives no contribution to the scattering length and only for 
l='\ to the effective range. This implies that the effective range expansion 
is correct in principle also when the second term of the left hand side of 
(5.З6) for £>0 is neglected. Moreover, we have calculated that for Σ ρ 
scattering its contribution for î.= 1 is -0.007 at 0.1 MeV and -O.Olt at 20 MeV 
laboratory energy (in units "Ь =c=m =1), so its effect can be only important 
for small effective ranges, but even then its influence can be neglected 
since the scattering length will dominate, at least at the energies we are 
considering. 
CHAPTER 6 
M MERICAL PROCEDURES 
6.1. Introduction. 
In order to obtain a solution of the coupled Schrödinger equations, we 
have to make use of a computer. Computations have been carried out, using 
the IBM 709O at Düsseldorf, the IBM 709VII at the IBM computer center in 
Rijswijk, and the IBM System/ЗбО model kO at the computing center of the 
Catholic University of Nijmegen. 
We have employed a program that calculates the potentials and inte­
grates the Schrödinger equation point by point, for each partial wave se-
parately. In the same program the cross sections can be calculated. 
Also the matrix 
в = к -
(
^
)
 кк-
< £ + 1 )
 (6.1) 
can be punched on cards to be input for other programs, e.g., for computing 
the angular distributions and polarizations. Since for these computations 
the amplitudes of several partial waves are to be combined, it is more eco­
nomical to do this in separate programs. 
For convenience we have used different programs for Σ ρ and Σ ρ scat­
tering. 
Before we will outline the organization of the computer programs, we 
will first consider some numerical methods. Most of the methods employed 
27) have also been used for ЛИ scattering and are considered by Fast .We 
therefore will restrict ourselves to a short discussion of the numerical. 
integration. Also we will consider the computation of the Coulomb wave 
functions and some related quantities, used only for Σρ scattering. 
6.2. Numerical methods. 
The numerical integration of the differential equation (^.17), which 
we write as 
u"(r) = A(r)u(r) , (6.2) 
where u and A are matrices, is done Ъу means of a generalization of НитегоУз 
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method ' , which is very convenient for handling matrix differential 
equations on a digital computer. 
One defines the matrix w(r)=u(r)-h2u"(r)/l2, where h is the integra­
tion step length. Then the relation w(r+h)-2w(r)+w(r-h)=h2u"(r) + 
-h6u (r)/2U0 + ... holds, so for small intervals h one is able to compute 
w in the point r+h from the two foregoing points by 
w(r+h) = h2A(r)u(r) + 2w(r) - w(r-h) , (6.3) 
and u(r+h) can be obtained by inversion of w(r)=(1-h2A(r)/12)u(r). 
Since we are starting the integration from the hard core radius r , we 
have as boundary condition u(r )=0. We choose u'(r )=I, where I is the unit 
с с 
matrix, giving us a set of independent solutions of (6.2). All solutions 
with u(r )=0 can be obtained by multiplying u(r) with an arbitrary non 
singular matrix from the right. From these boundary conditions we get the 
wave function in the first two points. 
The errors in the integration are mainly determined by two factors, 
namely the accuracy of (6.3), and the rounding off errors in each step of 
the computation. For these reasons we have chosen a small step size in the 
region where the potentials are strong and a larger step size farther away, 
where the potentials are much weaker. A good choice appeared to be h=0.005 
(m ) for the first 50 points, h=0.01 for the following 100 points and 
π 
h=0.02 for the last 150 points. All these calculations are performed in 
double precision arithmetic. 
We have integrated to about 6 fin, where the short range potentials 
can be neglected. The solutions of the Schrodinger equation are then linear 
combinations of the spherical Bessel and Neumann functions or of the regu­
lar and irregular Coulomb wave functions. 
Since we have to join the wave function and its derivative, we have 
to know u'Cr ), where r is the point where the joining is performed. This 
derivative is computed by fitting u(r) in the last Τ points to a polynomial 
of degree 6, from which u'Cr ) is calculated easily. 
As r is varying, since it depends on the hard core radius, and also 
because the momenta к and the value of η are dependent on the energy, we 
have to compute again the spherical Bessel and Neumann functions and the 
Coulomb wave functions for every integration. The computation of the sphe­
rical Bessel and Neumann functions, having a closed expression in terms of 
the goniometrie functions, is performed easily, but this is not so simple 
for the Coulomb wave functions. 
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The regular and irregular Coulomb wave functions and their derivatives 
with respect to ρ are computed for £=0, using the series (5.5) and (5.9)· 
These series are very convenient for the small values of η and the rather 
small values of ρ = kr
a
 we need. For higher values of £ we have used the 
recurrency relations ' ' ' 
£v £= ( £
2
+ n
2 ) 3 v £ _ r ( f +n)v £ 
U+I)vi ={ U + 1 ) 2 + η}ν - {U+l) 2+n 2}V 
£{U+l) 2+n 2}\
+ 1= (21+1 ){ - ^ ^ - + п } г(£+і)(£ 2+л
2)Ц_ 1 , (6.U) 
where ν is F or G . The Wronskian condition FJG.-F.GI =1 can be used as a 
test on the computations. 
In Eq. (5.10) the logarithmic derivative of the T-function appears. It 
can be calculated, using 
„ Г'(і+Іп) 2V00 1 , ¿ ,-ч 
Г (1+ιη) ¿'h-I
 h ( h2 + n2 ) 
where γ is Euler's constant. Instead of (6.5) it is better to use a much 
faster converging series that can easily be derived from (6.5). It is 
R e f H ï ï Ï 7 = i-Y--^T+i;=1(-i)k+1U(2k+i)-i}n2k . (6.6) 
in which c(2k+l) is the Riemann Zeta function. This function is not computed 
72) in the program, but we have used tabulated values for k=l(l)l0, which 
always gave enough accuracy. 
We can also compute the Coulomb phase angle σ. in the same manner. 
This angle is defined by σ =argr(£+1+in), so 
σ
Ζ
 = σ
ο
 +
 Σ8=1
 a r c t8(n/s) (6.7) 
and 
σ
ο
 =
 -
η Ύ +
 Ci ( s - ^ 0 * 8 s ) * 
Here one сал also use the more convenient series 
σ
ο
 = -ηγ + I¡=1(-I)n+1 η2η+1ζ(2η+ΐ)/(2η+ΐ) . (6.8) 
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6.3. The organization of the computer programs, 
The program that integrates the Schrödinger equation for Σ ρ scatter­
ing is organized as follows (Fig. 6.1). In IKPUTM one or more data cards 
are read in, containing parameters like the SU(3) parameter a, the hard 
core radii etc., and some control data. Then SMP is called, which performs 
the control proper and does some simple calculations. 
In a loop enclosing the whole routine SMP the Schrödinger equation is 
integrated and the matrix В (6.1) is computed. These calculations are usual­
ly done for all partial waves having the same £ in the incoming channel, 
1. 3 3 for example S- and S.+ D. Then the cross sections are calculated. This 
has the advantage that for £=0 we obtain directly the most important con-
tributions to the ratios and total cross sections, hence avoiding calcula-
tions by hand afterwards. 
In this loop first the potentials are calculated in Р0ТЕШ, using the 
formulae of Section 3.3. The modified Bessel functions К and К (3.35) are 
73) . 
computed in BESKV, using a numerical series . In AMAT these potentials 
are multiplied with the appropriate coupling constants and isospin factors. 
Also the other contributions to A (6.2), like centrifugal barrier and mo­
menta are included. For convenience these computations are done for all 300 
integration points at the same time, so when returning from AMAT we have 
the matrix A for all points. 
We are then ready to integrate Eq. {6.2). This is done in subroutine 
DIFEQM by means of the method described in the foreRoiner section. The matrix 
Input 
data - • — INPUTM 
B-matnx — - 4 — 
SMP 
* 
FINAL 
* · • 
+~ 
••^ 
AMAT 
DIFEQM 
COULOM 
••• 
••• 
POTENM 
INVERM 
BESKV 
Fig 6 1 The organization of the computer program for the computation of Σ ρ scattering 
» is a linkage between subroutines, *· is input/output data flow 
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inversions needed herefore, are done in INVERM. After performing the joining 
of the wave functions (see Eq. {h.h^)) to the spherical Bessel and Neumann 
functions or to the Coulomb wave functions, calculated in COULOM, we obtain 
the matrix В (Eq. (6.1)). This matrix can be punched on cards and is stored 
to be input for subroutine FINAL. In this routine finally the cross sec­
tions and ratios are calculated and printed out. 
The intermediate output is used as input for other programs. The data 
flow is sketched in Fig. 6.2. Besides the calculation of the cross sections 
by FINAL directly from the results of the computation in SMP, our program 
gives the matrix В on punched cards. From these matrices for different par­
tial waves the angular distributions and polarizations are calculated by 
DIM, an essentially straightforward program. Its results are printed out, 
both numerically and graphically. The last is done very conveniently with 
the routine GRAVEL, that makes graphics, interpolating on a "physical" 
TU) 
manner 
In order to study the correction method for the Coulomb effects dis­
cussed in the next chapter, we have the possibility to incorporate this 
correction starting from the B-matrix using COUCOR and calculating then the 
cross sections by CROSS. For completeness this less important possibility 
is also shown. 
An important use of the intermediate output is the calculation with 
the isospin T=1/2 or T=3/2 potentials separately, as described in Chapter 
8. The two B-matrices are combined in TT, Coulomb corrections are applied 
ала the total cross sections are calculated by FINALT, which is essentially 
SMP FINAL 
SMP 
τ 
• 
Γ В-matrix 
\T-J/2Í3/2 TT FINALT 
ι 
• 
/ 
B-matrix 
• 
ν 
ι 
COUCOR ^ ^ a 
DIFM 
CROSS 
F i g 6 2 The data flow for the computation of Σ ρ scatter ing » i s a linkage 
between subroutines, *• are connections via intermediate output on punched cards 
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the same routine as FINAL. The TT program also gives the combined B-matrix 
as input for DIFM. 
The organization of the programs for the computation of Σ ρ scattering 
is essentially the same as for Σ ρ scattering. Also for this scattering the 
matrix В is punched to be input for a program that calculates the Σ ρ angu­
lar distributions. 
All the programs are written in Fortran, except the subroutine INVERM, 
which is written in assembler language. Since the matrix inversions use 
most of the computing time, one could expect to save a relatively large 
amount of computing time by writing this subroutine as economically as 
possible. Actually, the time saved was about 10-20$. This rather slight 
improvement is caused by the fact that the double precision arithmetic in 
this subroutine uses a large part of the total time needed. This arithme­
tic cannot be done faster by using the assembler language instead of For­
tran. Consequently, the substantial improvement in fixed point arithmetic 
for index handling and things like that has less influence on the whole 
computing time. 
The Σ ρ program and its subroutines use approximately 27 К words. A 
large part of this storage space is occupied by б χ б χ 300 words, which 
serves first as location for the potentials in the 300 integration points 
and which is used next to contain the matrix A defined in (6.1). 
The computation times for one singlet and one triplet case, a fre­
quently occurring situation, were approximately h minutes on the 7090, 1 
minute on the 7091+/II and k minutes on the ЗбО/і+0. The program runned fas­
ter on the 709^/11 than on the 7090, because in the first computer the 
double precision arithmetic uses hardware instructions, whereas the 7090 
has to use macros for this. Likewise due to the more adapted hardware for 
the double precision arithmetic, the 360AO is not so much slower than the 
709U/II. Other programs were running a factor 10-15 slower on the ЗбО/UO 
than on the 709^/11, depending heavily on the amount of input-output ope­
rations at the time the computations were performed. 
CHAPTER 7 
CALCULATIONS WITH POTENTIALS Dl'E TO THE EXCHANGE 
OF PSEUDOSCALAR MESONS 
7.1. Introduction. 
In this chapter we will give the results of calculations done with the 
model described in the foregoing chapters. For the calculations described 
in this chapter we have taken the potentials due to the exchange of one and 
two pions, the exchange of one К meson and of one η meson. These potentials 
are given by the equations (3.32), (З.ЗМ, and (3.35). 
We relate the pseudoscaJLar coupling constants by assuming SU(3) symme­
try for them, so they are given by (З.М). The ΝΝπ coupling constant is well 
1 
known. We have used the value f^ /(ί+π)2=0.283. The SU(3) ratio, o, remains 
still as a free parameter. 
To these potentials we have to add the repulsive hard cores. In prin­
ciple the radii of these cores can be different for different quantum num­
bers. In the first calculations we have taken only two different radii, na­
mely one for singlet states, X , and one for triplet states, X . Doing so, 
we make the essential assumption that these radii are independent of the 
total isospin, which is different for the different states. The ΛΝ system 
is a pure isospin T=1/2 state, but the Σ ρ system is a mixture of T=1/2 and 
T=3/2 states, whereas Σ ρ forms a pure T=3/2 state. The assumption of iso­
spin independence for the cores implies that the core radii should be equal 
for Λρ, Σ ρ and Σ ρ scattering. If this is true, we can use the information 
from the ΛΝ interaction for which the singlet and triplet scattering lengths 
are known. For a given value of α and assuming no ΛΝ bound state this deter­
mines uniquely the values for X and X . These core radii have been calcu-
27) . s . lated by Fast , using the scattering lengths obtained from the hyperfrag-
ment data (2.1), and for the values obtained from the Λρ scattering experi­
ments (2.3). In these computations the same potentials have been used as in 
our calculations, but of course with the appropriate coupling constants and 
isospin factors. The core radii have been adjusted such that they give the 
correct scattering lengths. 
Since we have the two different sets of scattering lengths (2.1) and 
(2.3), we also have two possibilities for the hard core radii. We will call 
the core radii that are adjusted to the ΛΝ scattering lengths derived from 
the hyperfragment data the Hf cores, whereas we denote with Lp cores the 
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Fig. 7 1. The singlet and triplet hard core radii 
as a function of a. are the radii that 
fitted the hyperfragment data (2 1) (Hf cores), 
are the radii that fitted the Λρ sca t­
tering data (2.3) (Lp cores). 
core radii that are fitted to the 
scattering lengths obtained from 
Λρ scattering. Both sets of radii 
are given in Fig. T.I. We see from 
this figure that the singlet Hf 
and Lp cores are almost equal, but 
that the triplet radii are much 
more different. Especially for the 
Hf radii the difference between 
singlet and triplet radius is si­
zable, caused by the large diffe­
rence between the singlet and trip­
let scattering length. 
We will first study the in­
fluence of the Coulomb potential 
at the energies we are considering. 
We will also derive a possible ap­
proximation to include the effects 
of this potential and compare it 
with the results of the exact cal­
culations. 
Then we will compare our results for Σ ρ scattering with the experimen­
tal data, using the assumptions mentioned above. Hence, we have used poten­
tials due to the exchange of the SU(3) octet of pseudoscalar mesons, the 
coupling constants are related by SU(3) symmetry and the hard core radii 
are fitted to the ΛΝ scattering lengths. 
We will investigate whether our results are in agreement with the ex­
perimental data for values of α in the neighbourhood of a=0.1+, the SU(6) 
prediction. We will show that we can obtain a good fit with the Σ ρ experi­
mental data for α ^ 0.5 . The slight difference of this α with the SU(6) 
prediction is not too bad, since the uncertainties in the potentials are 
quite large. Also the fact that the breaking of SU(3) symmetry has only 
been taken into account in the masses of the particles involved, but not 
in the coupling constants, can be responsible for this difference. 
The agreement with the Σ ρ data is not as good. This can be explained 
by the fact that we assumed that the T=l/2 and T=3/2 cores are equal. 
73 
7.2. The influence of the Coulomb potential. 
In order to study the influence of the Coulomb potential, we have 
± 
compared some calculations for Σ ρ scattering performed with and without 
the presence of the Coulomb potential, leaving all other things unchanged. 
The Coulomb potential gives rise to two effects. First, the angular 
distribution will show a strong forward peaking in the channels where 
charged particles are present. This is caused by the term Μ^ίθ) in the ex­
pression for the scattering amplitude Μ(θ), given in (5.23). In the expe­
riments one usually leaves aside the forward scattering events. We will de­
fine a total cross section by using |Μ^(θ)|2 instead of |Μ(θ)|2. This cross 
section will be almost equal to the total cross section that one would ob­
tain if one neglects the angular region cos9 < 1. The second consequence 
of the Coulomb potential is that ^ (θ) will be different from ΜΛ(θ), where 
θ) is the scattering amplitude obtained without taking into account the 
Coulomb potential. Hence, the total cross section will not be equal to the 
cross section obtained without the presence of the Coulomb force. 
It will be clear that the importance of the Coulomb effects increases 
for low energy and that these effects are more important for the elastic 
channels, where charged particles are present, than for the inelastic chan­
nels, where the Coulomb potential acts only indirectly. Therefore, it is 
not surprising that the influence on the ratios r and even on r can be 
г С 
neglected, although the cross sections from which the latter ratio is cal­
culated, are quite different. 
The columns I and II of Table Τ·1 give an example of the total 
cross sections for Σ ρ and Σ ρ scattering as a function of the energy, re­
sulting from calculations without and with the presence of the Coulomb po­
tential. The influence of the Coulomb potential can be neglected totally 
for energies higher than 20 MeV. For higher I its influence is larger, as 
can be seen from Table 7.2, but since the total cross sections for higher 
I are small, the larger relative difference is less important. 
Since at 10 MeV the Coulomb potential gives a not unimportant change, 
we will give an approximation to take into account this effect without the 
necessity of doing an exact calculation with the inclusion of the Coulomb 
potential. 
Although we are able to take the Coulomb potential into account exact­
ly, an approximation is useful for two reasons. First, it enables us to in­
corporate its influence in cases where we are not able to do such an exact 
Ψ 
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Ι I I I I I 
1189.7 1+611.7 5053.7 
21+1+.1+ 328.9 31+5.2 
73.U 78.5 81.2 
39.7 ko.6 1+1.7 
19.6 19.5 20.0 
Σ ρ-»-Σ ρ 
E l a b 
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I I I I I I 
80.7 163.7 163.6 
58.1 75.5 79.7 
1+3.7 5 1 . k 5ί+.1 
29.1 32.1 33.7 
Ч 
I I I I I I 
276.3 587.0 61+0.1+ 
172.7 222.3 2І+2.3 
125.8 ІІ+5.О 156.6 
81+.0 96.2 89.9 
Σ ρ-»- Σ ρ 
E l a b 
0.1 
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'«о 
I I I I I I 
623.9 23.3 19.З 
536.2 352.7 310.0 
З26.2 З И Л 291+.2 
215.2 212.1 206.5 
12І+.0 123.5 122.7 
S 
I I I I I I 
52.9 0.5 0.5 
52.5 15.1 ìk.k 
50.6 31.3 29.5 
^7.6 35.6 33.3 
1+0.6 3k.9 32.1+ 
Table 7 1 The total cross sect ions (in mb) for Σ _ ρ and Σ + ρ scattering as a function of 
the laboratory energy (in MeV) for s inglet and triplet scatter ing The s ta t i s t ica l factors 
1/4 and 3/4 are included The meaning of the columns is a s follows In Columns [ and II 
are the results obtained without and with inclusion of the Coulomb potential In Column III 
are the results of the approximation described in section 7 2 
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Σ ρ -»• Λη 
I 
0.9 
0.2 
12.5 
3.3 
II 
1.0 
0.2 
lU.O 
3.6 
III 
1.0 
0.2 
13.8 
3.7 
Σ"ρ -• Σ
0
η 
I 
1.2 
h.5 
10.3 
0.2 
II 
1.2 
3.1 
11.3 
0.3 
III 
1.3 
3.8 
11. k 
0.3 
\ 
\ 
\ 
\ 
Σ ρ -* Σ ρ 
I 
0.1 
0.5 
3.1 
о.з 
II 
0.1 
0.2 
9.7 
о.з 
III 
0.1 
o.u 
10.2 
0.3 
Σ ρ -" Σ ρ 
Ι 
1.1 
1*.6 
1.2 
0.2 
II 
0.9 
3.8 
1.1 
0.2 
III 
0.8 
3.6 
1.0 
0.2 
Table 7.2. The total cross sect ions for Σ ρ and Σ + ρ scattering for Ρ-waves at E, = 20 
l a b 
MeV. See for the meaning of the columns the caption of Table 7 .1 . 
computation, as is described in Chapter 8. The approximation is also useful 
for an effective range analysis of the experiments, where it enables one to 
69) 
separate off the Coulomb effects 
The simple approximation, Μ=Μ
Γ
+ΜΛ, where ΜΛ is the scattering ampli­
tude obtained without taking into account the Coulomb potential, describes 
the behaviour of the angular distribution very well, but the total cross 
sections, calculated from ΜΛ, remain unchanged. A much better approximation 
for the latter is the following one. We use the effective range expansion 
(4.U6) for the K-matrix K, calculated without the presence of a Coulomb po­
tential and the corresponding expansion (5.36) for the K-matrix K-, where 
the Coulomb potential is taken into account exactly. By relating the scat­
tering length and effective range matrices for both cases, we can express 
FL, in terms of K. 
We will take as a crude approximation R
r
,=R and A =A, except that for 
those elements of A that connect channels with charged particles and ¿=0, 
we will use a correction. 
For pp scattering Jackson and Blatt 
а- а Да 
69) give the formula 
(7.1) 
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with 
•j- = 2nkUn(2nkr )+ 2γ - 0.82U} . (7.2) 
Да о 
For г one has to take the range of the nuclear potential. The term 
i,n(r )-0.32U results from a rough calculation, the other terms we have al­
ready seen in the derivation of the effective range expansion. For one 
channel scattering the relation (7.2) is an exact one for a square well 
potential with a depth such that 1/a=0, i.e. a bound state with zero bind-
± 
ing energy. We will use this correction. Taking r =1, we obtain for Σ ρ 
scattering 1/Да=+ O.lU. 
We have checked this correction for an attractive square well poten­
tial with different widths and depths to which a repulsive Coulomb poten­
tial has been added. The results are given in Table 7·3. We see that when 
V 
о 
5 
10 
20 
50 
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10 
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50 
100 
X 
1+ 
it 
1+ 
It 
It 
- 1 / a 
9.71 
1+.25 
1.52 
- 0 . 1 3 
-0.69 
-O.lU 
-0.2it 
-0.І+3 
- 0 . 2 7 
-0.25 
- 1 / a c 
9.ito 
l t . 22 
1.60 
0.02 
-0.55 
-O.Olt 
- 0 . 1 2 
-0.26 
-0.15 
-O.lU 
1/Да 
0.25 
0.03 
- 0 . 0 8 
-0.15 
-O. l l t 
- 0 . 1 0 
-0.11 
- 0 . 1 7 
-0.11 
-0.11 
о 
г 
it.95 
2.7it 
1 .63 
0.96 
О.72 
3.U6 
2.5I 
- I . 6 7 
2.68 
S.OU 
О 
rc 
h .ik 
2.63 
1.57 
0.93 
0.70 
3.08 
2.32 
-0.53 
2.ItO 
2.67 
Table 7 3 The scattering length and effective range for a square well potential with 
depth V (in MeV) and width X (nu ), without and with the presence of a repulsive Cou­
lomb potential 
1/a is small, the correction has the right order of magnitude, whereas for 
larger 1/a the correction is not as good as could be expected. For these 
scattering lengths the correction is less important. We have also given the 
о о . 
effective ranges r and r in this table. Although they are not exactly 
equal, the influence of the difference will be small for energies up to 
about 10 MeV. For £.= 1 the effective ranges and scattering lengths are equal 
within a few percents. 
Using this correction we expect that a reasonably good approximation 
for coupled channels will be 
(2il+l):!Ce(n)k£+^Kck¿+^CA(n)(2íl+l)Í!=kí'+"Kk£+'3-2knh(n)-1/Aa , (7-3) 
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where С (η) and h(n) are defined as in Chapter 5 and where 1/Да is a diago­
nal matrix with only non zero elements for the channels connecting charged 
particles with £.=0. 
± 
We have verified this formula for Σ ρ scattering. The results as a 
function of the energy axe given in Table J.I and 7·2. The Coulomb 
interference is shown in Table 7«U. The shape of the angular distribution 
is perfectly represented by the correction (Table 7·5)· 
It appeared also that our results are only slightly dependent on the 
specific example we have chosen. This could be seen by taking a set of 
different potentials and therefore different values of A and R by using 
different values of a. The approximation gave the best results when 1/а=0, 
but even for other values of the scattering length the difference did not 
become too large. 
coso 
-1.0 
-0.6 
-0.2 
0.2 
0.6 
0.8 
0.9 
0.95 
Elab • 5 M e V 
I II III 
-2 -2 2 
-U -U 3 
-7 -7 5 
_1U -1U 10 
-38 -38 Ul 
-9U -95 162 
-220 -22U 6U8 
-501 -511 2590 
Ε
Ί
 . = 10 MeV lab 
I II III 
-1 -1 0 
-2 -2 1 
-3 -3 1 
-7 -7 3 
-19 -19 10 
_U5 -U5 UO 
-101 -102 I62 
-221 -225 6U8 
Ε
Ί
 . = 20 MeV lab 
I II III 
0 0 0 
-1 -1 0 
-2 -2 0 
-U -U 1 
-10 -10 3 
-23 -2k 10 
-52 -52 UO 
-111 -112 62 
Table 7.4. The Coulomb interference computed exactly (Column I) and employing the 
approximation (Column II). Column III shows the pure Rutherford scattering cross section. 
COS0 
-1.0 
-0.6 
-0.2 
0.2 
0.6 
1.0 
Σ~ρ -»• Λη 
I II III 
79 83 83 
75 79 80 
71 7U 75 
6U 67 68 
56 58 59 
U5 U7 U7 
Σ"ρ ->• Σ
0
η 
I II III 
U6 U7 U8 
U2 U3 uu 
UO Ul U2 
38 UO UO 
38 U0 UO 
38 Ul U2 
Σ
-
ρ -»· Σ ρ 
I II III 
69 78 83 
75 86 92 
82 95 102 
90 105 112 
98 115 123 
IO6 126 I3U 
Table 7.5. The angular distributions da/dcosθ in mb for Σ ρ scattering at 10 MeV labora­
tory energy. The meaning of the columns is the same as for Table 7.1. 
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7.3. Results for Σ ρ scattering. 
For Σ ρ scattering we have calculated first the total cross sections 
for the reactions II, smd the ratios r and r . The Coulomb potential has 
been taken into account exactly. The cross sections and г.-, are calculated 
г 
at 10 MeV laboratory energy, corresponding to about 155 MeV/c laboratory 
momentum, being about the middle of the momentum interval considered in the 
experiments. The ratio r is calculated at 0.1 MeV. At this energy this ra­
tio is almost equal to its limit for Ε, , -*• 0. 
lab 
Although the energy at which the calculations are performed is rather 
1 3 
small, so that the main contribution comes from S
n
 and S. waves, it could 
be expected that there is also a contribution from P-waves, especially in 
the channel Σ ρ ->• Λη, where because of the mass difference a rather large 
energy is available. 
The experiments indicate indeed the presence of P-waves. Considering 
the experimental inelastic cross section, we notice that this cross section 
almost reaches the unitarity limit for S-waves π/k2, which is 25^ mb at 10 
MeV. Also the experimental angular distributions show a slight anisotropy. 
Both can be explained by assuming a contribution of waves with higher angu­
lar momentum. 
From our calculations it followed that for almost all cases the P-
waves are negligible, except for the Ρ ones. There was a very large Ρ 
contribution in the neighbourhood of oi=0.6, but also for other values of α 
this partial wave is the most important contribution for £=1. 
The cross sections and ratios are given in Fig. 7.2 and 7·3, and in 
Table 7·6 and 7·7· In the figures we have also given the experimental data. 
We see from these data that we obtain a reasonable good fit for α ^  0.5, 
being close to the SU(6) prediction, a=0.1+. This result should be contras-
23) 
ted with earlier calculations , using only pion exchange potentials. A 
comparison of these calculations with the then existing data, namely only 
the capture ratio r and the deuterium capture ratio , which has 
not been used by us, predicted a much lower value of a. 
Although the experimental angular distributions show large uncertain­
ties, it is interesting to compare them with the distributions we сал calcu­
late. Clearly it is much more difficult to fit an angular distribution, 
since it depends not only on the magnitude of the S-matrix, but also on the 
sign of the matrix elements. Also, large cancellations between different 
terms can give unexpected results. 
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Fig. 7.2. The capture ratio at rest (a) and in flight (b) a s a function of a. The experi­
mental values are r
c
 = 0.45 ±0.02, rF = 0.47± 0.03, shown by ~_Z~Ji"Sl-
are the resul t s for Hf cores, for L p cores . 
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0 . 1 0 
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г
с 
0 . 3 9 
0.3h 
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0.2U 
0 . 7 5 
0 . 5 9 
r F 
о.зо 
0.31 
0 . 3 5 
0 . 3 8 
0 . 7 2 
0 . 6 2 
Table 7.6. The total cross sections (in mb) for Σ~ρ scattering for S- and P-waves at 
E l a b = 10 MeV and the ratios for different values of a using the Hf cores The statistical 
factors are included. The Coulomb potential i s taken into account exactly 
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19.1 113.6 0.1+ 1.5 1.1 16.3 
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0.22 
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0.03 
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Ф^ 
0.2k 
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0.69 
0.39 
r
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о.зб 
0.33 
о.зз 
0.72 
0.53 
r F 
0.1+2 
0.32 
о.зб 
0.1+5 
0.66 
0.59 
Table 7.7. The same table as Table 7.6, but now using the Lp cores. 
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We have calculated the angular distributions, using incoming waves 
with £=0 and £=1, for waves with higher angular momenta are unimportant at 
these low energies. The angular distributions have in general the following 
behaviour. The Σ ρ -*• Λη distribution has an enhancement in the forward di­
rection for α < 0.5, but for larger values of α it becomes isotropic and 
even enhanced in the backward directions. Except in the neighbourhood of 
a=0.25 and a=0.6 the Σ ρ ->• Σ η angular distribution is almost isotropic. 
The Σ ρ •> Σ ρ angular distribution is enhanced in the forward directions, 
also when the Coulomb interference and the Rutherford scattering are omit­
ted. These results are valid both for Lp and Hf cores. We have shown the 
Σ ρ -•• Λη and Σ ρ -»• Σ ρ angular distributions in Fig. 7·^ ·. It should be 
noted that the Λη angular distribution for Lp cores becomes more enhanced 
in the forward directions for values of α slightly smaller than 0.5. The 
total Σ ρ elastic cross section increases for values of α a little above 
0.5, so for Hf cores the agreement with the experiments can be made better 
by taking a slightly larger value of a. 
The occurrence of P-waves can give rise to polarization of the scatter­
ed particles. The polarization of the Λ is the most interesting one, for it 
can be measured from the angular distribution of the proton into which it 
со$ cose 
Fig 7 4 The angular distribution for the reaction Σ ρ -» Λη (a) and for the reaction 
Σ
-
ρ * Σ~"ρ (b) at 10 MeV laboratory energy — are the results for Hf cores, 
for Lp cores T h e experimental points and the error bands are a l so given 
33 
decays. We have therefore calculated the polarization in the reaction 
Σ~ρ -»• Λη. 
It turned out, however, that for α ^  0.5 this polarization was very 
small, |p| <0.05. This was due to cancellations in the different terms of 
(U.ln) that contribute to the polarization. 
7·^· Results for Σ ρ scattering. 
Using the same potentials as in the foregoing section, we have done 
calculations for Σ ρ scattering. The coupling constants have also been taken 
from (3.1|lt). 
For the Σ ρ interaction the experimental data are the total cross sec­
tion and the angular distribution at about 10 MeV laboratory energy. In ad­
dition, a Σ ρ bound state probably does not exist. 
We will investigate first whether a bound state may exist for these 
potentials. This can be done most easily by considering the behaviour of 
the scattering length. It is well known that the scattering length is ne­
gative for very weak attractive potentials, for more attractive potentials 
its modulus becomes larger and it goes to -a. when the attraction is strong 
enough to give a bound state. Therefore, the scattering length as a func­
tion of the hard core radius will be as sketched in Fig. 7.5. 
We first need to calculate this scattering length as a function of the 
hard core radius X. For simplicity we have not calculated a, but we have 
used the matrix В at 0.1 MeV, where this matrix is only slightly different 
from the scattering length matrix A. For singlet states В is of course a 
number, for triplet states we have to consider the (1,1) element of B, des­
cribing the scatterinpr for £=j-1 •> î,=j-1. Calculations have been done for 
several values of ot. The core radius at which 
a bound state occurs for the first time is 
called a bound state radius and is given in 
Fig. 7·6, both for singlet and triplet states. 
Comparing these cores with the values ob-
tained from the ΛΝ data (also given in Fig. 
7.6), we see that a singlet bound state occurs 
Fig. 7.5. The scattering length a 
as a function of the hard core ra­
dius X. At (T) the first bound 
s t a t e appears, followed by a s e c ­
ond one a t ( 2 ) . 
for values of a > O.k. 
The experimental evidence for a Σ ρ bound 
state is ambiguous. A search for a Σ~ hyper-
fragment by means of the study of K - capture 
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Fig. 7.6. The bound state core radius as a 
function of a. are the core radii ob­
tained from the hyperfragment data, shown for 
comparison. 
, · 78) . in nuclear emulsion give 
some events which could be in­
terpreted as a Σ η hyperfragment, 
but in no case is the interpreta­
tion unequivocal. Therefore, the 
existence of the charge symmetric 
Σ ρ hyperfragment is also proba­
bly excluded. 
The experimental Σ ρ angular 
distribution (Fig. 2.1) shows a 
forward peaking. The most reaso­
nable explanation is that it is 
only a statistical fluctuation, 
but if the effect is real, it 
can be caused by strong contri­
butions of P-waves or by assuming 
a constructive Coulomb interfe­
rence. The latter can be obtained 
by assuming a repulsive potential 
or ал attractive potential ad­
mitting a Σ ρ bound state. 
If one assumes such a bound state, it is reasonable to suppose that it 
is a singlet one, since the total Σ ρ cross section is rather small. There­
fore, only a singlet bound state having a low binding energy will give a 
not too large contribution to the cross section owing to the statistical 
factor 1/4. This assumption is in accordance with experiments of K~ scatter-
79) . . . - + 
ing on deuterium , giving rise to the reaction К d ->• Σ ηπ from which it 
has been concluded that a triplet bound state can have only a binding ener­
gy of a few keV. 
Assuming a singlet bound state we have made a rough calculation with 
an attractive square well potential and a repulsive hard core to estimate 
the binding energy of the bound state. For cores and wells fitting the to­
tal cross section we have obtained the rather large binding energy of about 
k MeV, only slightly dependent on the well and core parameters. 
For the hard core radii that fit the experimental, total cross section 
and the experimental angular distribution, we can say the following. Since 
the P-wave contributions are very small, we have to consider the effects of 
the Coulomb potential. Using o=0.U, we have calculated the total cross sec­
tions, the Coulomb interference and the Coulomb scattering contributions to 
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the angular distribution. In Fig. Τ·7 we have given the total cross section 
and the Coulomb interference term at cos9=0.7 as a function of the radius 
X. At соз =0.7 the Coulomb scattering has the value 11.7 mb. We conclude 
that if we want to obtain a sizable constructive Coulomb interference as-
+ . . . a 
suming no Σ ρ bound state we need very large core radii (see Fig. 7·7 )· 
Fig 7 7 The Coulomb interference at coso = 0 7 (a) and the total Σ+ρ cross section (b) 
as a function of the hard core radii at E, . = 12 5 MeV 
lab 
Assuming a singlet bound state, we obtain a positive contribution to the 
angular distribution due to Coulomb effects for X > 0.205 and X > 0.2^5, 
Ό — S — 
but this contribution remains small. Finally, a triplet bound state is able 
to give a larger contribution, but then X should be smaller than 0.l80, 
implying not only a Σ ρ bound state, but also a (non stable) Σ ρ and а Λρ 
bound state. 
It appears therefore that it is very difficult to obtain a sizable 
forward peaking by assuming a constructive Coulomb interference. It seems 
to be more realistic to reject the possibility of a Σ ρ bound state. 
The Σ ρ cross section as a function of α (Table 7·0) for cores fitted 
to the ΛΝ data reflect the presence of the Σ ρ bound state. At α=θΛ the 
singlet core radius is near the bound state radius, so there the cross sec­
tion is large. In order to avoid a Σ ρ bound state for α > 0.U and to fit 
the experimental cross section, we have to take a larger singlet core than 
the one determined by the ΛΝ data. For the Σ ρ scattering this will not 
change our results drastically due to the statistical factor 1/U. Since the 
cross section in the neighbourhood of a bound state is large, and since the 
triplet Σ ρ scattering is small for almost all values of a, it is always 
possible to fit the total Σ ρ cross section. The angular distribution we 
obtain for Σ ρ scattering is almost isotropic, besides a very small des-
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t r u c t i v e i n t e r f e r e n c e and, for somewhat smal ler angles (соз > 0 . 8 ) , t h e 
Coulomb peaking. In t h e fol lowing chapter we w i l l come back t o t h e Σ ρ 
s c a t t e r i n g i n more d e t a i l . 
α 
0.1 
0.25 
O.U 
0.5 
0.6 
0.75 
Hf cores 
1 S 0
 3 S 1 t o t a l 
1І+.2 10.2 2k 
38.6 11.3 50 
197.6 U.5 202 
1+2.7 1.5 1+1+ 
9.7 18.1 28 
2.6 13.0 16 
Lp cores 
1 S 0
 3 S 1 t o t a l 
10.9 5.!+ 16 
30.6 7.1+ 33 
233.1+ 1.7 225 
52.1 11.6 Gk 
12.1 99.8 112 
0.0 39.1 39 
Table?.8. The total Σ+ρ cross sections (in mb) for S - waves at E, =11Ме . 
l a b 
The statistical factors 1/4 and 3/4 are included. 
CHAPTER 8 
THE ISOSPIN DEPENDENCE OF THE HARD CORE RADII 
0.1. Introduction. 
The calculations of Chapter Τ were based on the assumption that the 
T=l/2 and T=3/2 core radii are equal. We have seen that the core radii de­
rived from the ΛΝ data imply a singlet Σ ρ bound state for values of α>θΛ. 
The occurrence of this T=3/2 bound state explains some features of our re­
sults. When we have a value of α with the appropriate core radius such that 
this radius is in the neighbourhood of a bound state radius, this will re­
sult in a large T=3/2 cross section (Table Τ·8)· This effect can be seen 
also in the behaviour of the singlet Σ ρ ->• Σ ρ and Σ ρ ->• Σ η cross sections 
(Table Τ·6 and Τ·?)» which show a large value at α=0.ί+, this being about 
the point of intersection of the bound state radius with the singlet radius 
(Fig. 7«6). Of course one could argue that since a Σ ρ bound state has not 
been found experimentally, values of a>0.U are therefore excluded. 
The fact remains, however, that our results are strongly dependent on 
the core radii, since we are so close to a bound state. Moreover, we do not 
obtain a reasonable fit for Σ ρ scattering at the same value of α as for 
the Σ ρ scattering without changing our singlet radius. Therefore, it is 
reasonable to drop the assumption that the cores are equal for T=l/2 and 
T=3/2, and to investigate whether we can improve our results by using diffe­
rent cores in these states. 
In this chapter we will therefore determine the T=3/2 cores such that 
they fit the Σ ρ total cross sections but do not give a bound state. The 
T=1/2 cores are chosen as before i.e., so that they fit the ΛΝ scattering 
lengths. Since the Σ ρ system is a mixture of T=l/2 and T=3/2 states, we 
will first describe a method of calculation which handles different cores 
in these different states. We will investigate into what extend our earlier 
results have been affected by this bound state. 
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8.2. The separation of the T=1/2 and T=3/2 calculations. 
Since the Σ ρ system is a mixture of T=l/2 and T=3/2 states, an exact 
calculation with different cores is extremely difficult, if one wants to 
take into account the breaking of isospin symmetry by the mass differences. 
Nevertheless, it is possible to do an approximate one by the following pro­
cedure. 
We can easily split the potential matrix in a T=l/2 and a T=3/2 part, 
using the transformation formula for an operator on the isospin basis into 
an operator on the particle basis. 
Recalling that we have chosen for the particle basis the states An, 
Σ η, and Σ ρ, respectively, an operator 0 on the particle basis can be 
16) 
written as 
0 = 
0
лл 
7 ^ 
f 0ΣΛ 
/ 3 0 Λ Σ 
f V Ι 0ΣΣ 
i /2( W 
- Φ Λ Σ 
І
 /2( ^> 
7 V f 0ΣΣ 
(8.1) 
where 0 i s the operator in the T=3/2 s t a t e s , and the operator in the T=l/2 
s ta te s i s 
ЛЛ 
5
ΣΑ 
ΛΣ 
>ΣΣ 
For s=0 all the matrix elements are numbers, but if s=1 they are 2x2 ma­
trices. 
Using the potential V , we can perform the one channel calculation to 
obtain the 1=3/2 amplitude (or the two channel calculation for spin trip­
let). The T=1/2 amplitude can be obtained in the same way using the poten­
tial matrix 
ΛΛ 
'ΣΛ 
ΛΣ 
hi 
These amplitudes can be combined by means of (8.1). Doing so the amplitudes 
for the different channels can be obtained, but the mass differences between 
Σ~ρ and Σ η cannot be taken into account. They give a large effect at these 
low energies. 
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In order to take into account this breaking of isospin symmetry, we 
will use the particle basis. Using (8.1) we define a potential Vj in the 
T=l/2 states and a potential V3 in the T=3/2 states by 
/ 
Vi» 
ΛΛ /3 ΛΣ 
/3 
-/4 
ΣΛ 
ΣΛ 
3 ΣΣ 
- 4" ^ V 3 ΣΣ 
-/І \ 
3 ΛΣ \ 
- - /2V 3 ΣΣ 
3 ΣΣ 
, з= 
/о 
\ 0 
0
 \ 
3 D 
- /2V 3 D 
- /2V 3 D 
(8.2) 
The matrix elements are defined according to the order of the particle ba­
sis. For example, the (3,2) element of Vj denoted the T=l/2 part of the po­
tential between Σ η and Σ p. 
We can now solve the Schrödinger equation with the exact masses in the 
different channels. From this we obtain the scattering parameters, e.g., 
the A-matrices, which сал be combined to give the Α-matrix for the combina­
tion of T=1/2 and T=3/2 states. 
We have first to decide which scattering parameter we will actually 
use. It is reasonable to do the combination as early in the calculations 
as possible. We have taken the matrix В (6.1) for the following reasons. 
According to the effective range expansion (h.k6). 
-1 
= -A "
1
 + ¿(k2-k2)5 R(k2-k2)5 
0 0 
В has a finite limit if E
n
 , -*• 0, also for the inelastic channels. Hext, we 
1 lab ' 
have used В and not В . This can be seen as follows. It is well known that 
for one channel the S-wave phase shift δ is given by 
tanôŒƒ sin kr V(r) ф(г)аг (8.3) 
where ф(г) is the solution of the Schrödinger equation with asymptotic be-
haviour for г-*00 ф(г) ^  sin(kr)+ tañó cos(kr). Since the scattering length 
a is defined by 
-a = lim 
к -»• 0 
tañó 
we can conclude that if we add two potentials, according to (8.3) this will 
result in lowest order to the addition of the separate tanö, so we have to 
add the scattering lengths. This result is correct in lowest order Born 
90 
approximation and it is approximately valid in a better approximation given 
16) . . . by De Swart and Dullemond . Generalizing this result for matrices, we 
should use В rather than В 
у 
We define the matrix B^ by the 3 X 3 (or 6x6) B-matrix, obtained from 
calculations with T=l/2 potentials. With Bi(l,2) we denote the element on 
the first row and second column in the spin singlet case. The numbering of 
о — 
rows and columns is of course according to the channels Λη, Σ η, and Σ p. 
For triplet coupled states we use the same notation, but now each element 
is a 2 χ 2 matrix, of which the elements correspond with the different values 
of Z. The matrix B3 is the В matrix obtained from calculations with T=3/2 
potentials. The elements in the first row and column of B3 have no signifi­
cance, since the An is purely T=1/2. 
The simplest way to obtain the matrix В from Bj and B3 is the addition 
В=Ві+Вз. This prescription gives reasonable results. It appeared, however, 
that we could reduce the errors considerably by another prescription, which 
is purely heuristic. Writing В in the form (8.1), we can find В and В 
from the diagonal elements: 
B D = 2B(2,2) - B(3,3) 
Β
Σ Σ
 = -B(2,2) + 2B(3,3) 
Analogous equations can be obtained using B(2,2) and B(2,3) or B(3,3) and 
В(2,3). When the masses were equal, the three solutions should be identi­
cal, but now, due to the mass differences, they are different. We take the 
arithmetic mean of these solutions and we define 
B D = Вз(2,2) + i /2 Вз(2,3) 
Β
Σ Σ
 = ВхО.З) - I /2 в^г.з) (8Λ) 
The B-matrix that we will use in our calculations is defined by 
B= 
Bi(l,l) Β^Ι,2) 
Ι
 Β
ΣΣ
+
 f BD 
1(1,3) \ В 
I / 2(V B EZ> Bi(2,l) 
\в1(з.і) i^(BD-BEE) ^ Β 0 + | Β Σ Σ 
(8.5) 
This prescription, which is intermediate between the use of the iso-
spin basis and the calculation of В with В=Ві+Вз, gives better results than 
the other ones. We could compare the results of different prescription by 
performing calculations with equal T=1/2 and T=3/2 cores. In this case we 
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can also calculate the result directly. It turned out that the errors for 
equal cores are about 5%, not too bad considering the experimental errors. 
Finally, the Coulomb effects are taken into account by using the me­
thod described in Chapter 7· 
8.3. Results with different T=1/2 and T=3/2 cores, 
Employing the prescription of the foregoing section we have performed 
calculations, using the same potentials and coupling constants as in Chap­
ter 7, but with different cores for the T=1/2 and T=3/2 states. 
Consider a fixed value of a. We take for the T=1/2 radii the Hf and Lp 
radii given in Fig. 7.1. The T=3/2 radii are then chosen larger than the 
bound state radius at this value of α such that they fit the Σ ρ total cross 
section. This determines the singlet T=3/2 radius as a function of the trip­
let T=3/2 radius. For the two sets of T=1/2 radii we have tried to fit the 
Σ ρ cross sections and ratios, using the possible T=3/2 radii. This has been 
repeated for several values of a. 
The 1=3/2. radii that fitted the Σ ρ cross sections are given in Fig. 
8.1. The generaJ. behaviour of the singlet radius as a function of the trip­
let radius is simple to understand. For a value of X we obtain a certain 
singlet cross section and we should determine the triplet core which gives 
such a contribution that the sum of the 
singlet and triplet cross sections just 
yields the experimental value. As for 
л 5 
0» 
0(0 
035 
030 
025 
020 
α=0 75 
••"""""Α α = Q k 
a ; 0 3 
a = 0 2 
015 020 0 25 0 30 035 
Xt 
Fig 8 1 The Τ = 3/2 cores that 
fit the Σ^ρ total cross section 
within the experimental errors for 
several values of a 
larger radii the cross sections are 
small (see e.g. Fig. 7.7 ) , the curves 
in Fig. 8.1 become straight vertical or 
horizontal lines, until the scattering 
due to the hard core becomes so large 
that it gives a sizable contribution. 
Then the lines will bend over. This is 
not shown in the figure since this hap­
pens at much larger radii (X > 0.5)· 
The P-wave contributions are small, 
about 2-hmb. The singlet core radii de­
viate much from the T=1/2 radii, which 
could be expected since we have avoided 
a bound state (cf. Fig. 7.6). The cal-
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dilations are performed at three energies, namely 9-8» 11.0, and 12.5 MeV, 
which corresponds to Σ laboratory momenta of 153, 1б2, and 173 MeV/c, res­
pectively, hence corresponding to the middle of the experimental intervals. 
Having obtained in this way a set of T=3/2 cores, we will study now 
the Σ~ρ scattering. Before we will consider these calculations in detail, 
we will make some generai remarks. The cross section for the reaction 
Σ ρ •*• Λη does not depend very much on the 1=3/2 radii, but it does on the 
T=1/2 ones. This could be expected since the Λη system has isospin T=1/2. 
Furthermore, the P-wave contributions for all reactions are practically in­
dependent of the 1=3/2 radii. Variations in the T=1/2 radii have only a 
slight influence on the P-wave contributions. Apparently the centrifugal 
barrier, £(£.+ l)/r2, is more important than the hard core. There is one 
exception, namely at a=0.6 the strong P. contribution reappears, being 
strongly dependent on the T=1/2 radius. 
This implies that the cross sections for the reaction Σ~ρ -»• Λη are to 
within a few percent equal to the values given in Table 1.6 and 7.7· For 
most values of α they are within one standard deviation of the experimental 
value (135 + 12mb at this energy), except for α > 0.6 and α ^  0.1 and Lp 
cores, where they are smaller. 
We will investigate first what happens when we take for the triplet 
T=3/2 radius the same value as for the T=l/2 one, but we allow the T=3/2 
singlet radius to be different from the T=1/2 one. This enables us to avoid 
the singlet Σ ρ bound state. 
The general behaviour of the singlet cross sections and capture ratio 
as a function of the 1=3/2 core is as follows. Close to the bound state 
radius the inelastic cross section reaches the S
n
 unitarity limit J ir/k2 , 
which is 65 mb at 10 MeV. Since the Σ ρ -»• Λη singlet cross section is small, 
the inelastic cross section is mainly generated by the reaction Σ~ρ -»-Ση. 
Therefore, the Σ~ρ -»• Σ η cross section can reach values up to about 50 mb, 
and it decreases for larger 1=3/2 cores. The Σ~ρ -»• Σ~ρ cross section in­
creases also when the 1=3/2 core approaches the bound state radius. It re-
— о 
mams smaller than the Σ ρ -»• Σ η cross section and only for cores very close 
to the bound state radius does it reach the elastic unitarity limit when 
maximal absorption is present, which is also l тг/к2 for singlet scattering. 
Since the singlet Σ~ρ -*• Λη scattering is small, also for very low energies, 
* We will include in this chapter the statistical factors 1/4 and 3/4, not only for the cross sections, 
but also for the capture ratio r
c
. For the in flight ratio г
р
 this is of course not possible (see (4.31)). 
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the singlet capture ratio is almost maximal (0.25) and decreases slowly when 
we enlarge the T=3/2 cores. 
Since the triplet Σ ρ cross section in general is small at the cores 
we are considering now, we have to choose singlet T=3/2 cores rather close 
to the bound state radius. In this context we remark that the unitarity li-
mit for singlet Σ ρ scattering, which is π/k , is not too much larger than 
the total Σ ρ cross section. We obtain then for singlet Σ ρ scattering, 
practically independent of a, 
Ι σ(Σ~ρ -> Σ0η) ^ U5 ± 5 mb 
Ι σ(Σ"ρ ->• Σ"ρ) ^ 25 ± 5 mb 
I r
c
(1S0) л, 0.23 ± 0.02 
Considering first the capture ratio r , which is known experimentally 
with rather high accuracy, we can rule out most values of a. Adding the 
singlet contribution we have given above to the value of the triplet ratio 
(see Table 7·6 and Τ·Τ)> we have as remaining possibilities α ^  0.5 and 
α ъ 0.1. It should be noted that a=0.U is ruled out since we obtain then 
r ^ 0.35, deviating too much from the experimental value r =0.U5 + 0.02. 
Continuing with a=0.1 and a=0.5 we have tried next to determine the 
Σ ρ -»• Σ η cross section such that we obtained the best value for the ratio 
± ± 
r . Doing so we also have fixed the Σ ρ -*• Σ ρ elastic cross sections. The 
г 
results are given in Table 8.1. It appears that a=0.1 gives a rather bad 
fit, whereas the data for α ^  0.5 are much better. Keeping in mind the be­
haviour of the cross sections and ratios as a function of α for equal cores 
(Fig. 7·2 and 7-3) we may conclude that the Hf cores can give a fit for 
σ ( Σ - ρ -> Λη) 
σ ( Σ " ρ •+ Σ 0 η ) 
σ ( Σ " ρ •+ Σ~ρ) 
r F 
r
c 
σ ( Σ + ρ -+ Σ + ρ) 
α = 0 . 1 ; H f 
130 
95 
115 
0.U2 
0 . 3 9 
lUO 
οι=0.1 ;Lp 
lOU 
97 
^hr0 
o.hö 
O.i+9 
85 
a=0 .5 ;Hf 
123 
113 
135 
0Λ8 
0.1+3 
115 
a = 0 . 5 ; L p 
130 
135 
202 
0.51 
0 .50 
75 
Table 8 1 The Σ ρ cross sect ions and r F at 10 MeV laboratory energy, the capture ratio 
r and the Σ1"? cross section at 11 MeV laboratory energy The singlet Τ = 3/2 core is 
С ' 
changed such that а ΙΛρ bound s t a t e is avoided 
94 
values of α slightly above a=0.5 and that the Lp cores give a fit slightly 
below α=0.5· The results of Chapter 7 are therefore not affected by avoid­
ing the Σ ρ singlet bound state. The angular distributions and Λ polariza­
tion are not changed in comparison with the results of Chapter 7» so we 
refer to Fig. 7·^ for the angular distributions. 
The Σ ρ angular distribution does not give a very good fit to the ex­
periments. There is indeed a small enhancement in the forward direction, 
except of course for very small angles where the Rutherford scattering be­
comes infinite, but it is smaller than the experimental results (see Fig. 
8.2). 
There is no a priori rea­
son why we should not vary also 
the triplet T=3/2 cores as we 
have varied the singlet ones. 
Allowing both cores to be varied, 
it will be clear that we obtain 
much more freedom, making it 
easier to obtain a fit, the more 
+ 
so as the Σ ρ scattering data, 
having large experimental uncer­
tainties, do not yield a serious 
constraint on the cores. 
We have first investigated 
the capture ratio r . The best 
fit we could obtain without de­
viating to much from the T=3/2 
cores given in Fig. 8.1, is shown 
in Fig. 8.3 . Values of α > 0.6 
are clearly excluded, and for 
0.3 < α < O.h the results are 
rather bad. For α < 0.5 also the 
cross sections and г are determined, paying again special attention to the 
г 
Σ
_
ρ -> Σ η cross section, since this cross section together with the Σ ρ+Λη 
one determines the ratio r . The results are given in Fig. 8.3 - 8.5. Com-
F 
paring these data with those from Chapter 7 (Fig. 7·2 and 7·3), we notice 
that our results are not changed much. We have been able to bring the re­
sults a little closer to the experimental values. Also the angular distri­
butions which we will not show again, and the polarization of the Л-hyperon, 
Fig. 8.2. An angular distribution for Σ+ρ scat­
tering at E, . = 11 MeV. 
w
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Fig 8 3 The capture ratio at rest (a) and in flight (b) as a function of α, calculated 
with different Τ = 1/2 and Τ = 3/2 cores The experimental values, r = 0 45 + 0 02 and 
r F = 0 47 ± 0 03, are indicated by ; 
— - — - — for Lp cores 
•are the results for Hf cores, 
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Fig 8 4 The inelast ic (a) and e last ic (b) Σ~ρ cross section as a function of α at 10 
MeV laboratory energy, calculated with different Τ - 1/2 and Τ - 3/2 cores The experi­
mental values, и . = 250 + 17 mb and о . = 185± 25 mb are indicated byí 
i η e 1 e l J 
are the resul ts for Hf cores, for Lp cores 
96 
Oz+plmb) 
Fig 8 5 The Σ ρ cross section as a function 
of α at 11 MeV laboratory energy The experi­
mental result, σ = 135 ± 35 mb is indicated by 
ПГ-Г-ГЛІ are the results for Hf 
cores, for Lp cores 
are essentially unchanged for 
οι=0.5· Concluding, only at a=0.5 
can we obtain a good agreement 
with the experimental results. 
The T=3/2 cores, finally, are a 
little larger than the bound 
state radii given in Fig. 7.6. 
They deviate therefore much from 
the T=1/2 ones, except in the 
neighbourhood of a=0.5. 
The reason why our results 
axe rather independent of the 
T=3/2 cores, is clear. From the 
experiments it follows that the 
Σ ρ scattering, which is purely 
T=3/2, is weak. Moreover, in our 
calculations this interaction is 
a relatively stronger one for singlet scattering and in this case the chan­
ges in the Σ ρ scattering are less important. The main variations in the 
Σ ρ cross sections and ratios are in fact caused by the triplet scattering, 
what can be seen very clearly in Table 7·6 and 7.7. This is the more dis­
tinct when we avoid a singlet T=3/2 bound state. Therefore, the Σ~ρ results 
are mainly determined by the T=1/2 potentials. 
CHAPTER 9 
CALCl'LATIONS ^ІТН POTENTIALS DIE TO HIE EXCHANGE 
OK PSEIDOSCALAR AM) VECTOR MESONS 
9.1. Introduction. 
Untili now we have only considered potentials due to the exchange of 
the least massive strongly interacting particles that can be exchanged be­
tween baryons. One could hope to describe the baryon-baryon potential better 
by considering also the exchange of heavier particles. Therefore, we will 
+ 
consider in this chapter the Σ ρ interaction, using potentials due to the 
exchange of the pseudoscalar mesons π. Κ, η, and Χ , and of the vector me­
sons ρ , Κ *, ω, and φ. 
The potentials have been derived in Chapter 3. In the same chapter we 
have discussed the symmetry properties one might assume for the coupling 
constants. In our calculations we will use (3.^8), so a =0.k, α =1.0 and 
гЪ V 
α =0.U. Since we have found that we could obtain a fit at α =0.5 but not 
V г о 
at α =0.1i, when using only pseudoscalar mesons, we have also done calcula-
e m 
tions for a =0.5, leaving α and α unchanged. 
Using these symmetry relations, we still must choose three coupling 
ι 
constants, namely fNN7r> % Ν £ ) >
 a n d f
m o
 ·
 A s
 before we have taken f^^/{h-n)2 = 
О.28З. The values of the other constants are less well known experimentally. 
Fairly reliable values exist for g,T1.T which has been determined in eight 80 8l Ì different ways ' , all yielding about the same results, g^ /1+7^0.5-0.8. 
The methods usually used to determine the vector meson-nucleon coupling 
constants are based on fitting nucleón form factor data in terms of vector 
82) . . . . . 
meson poles . The theoretical foundation of such a single pole fit is 
uncertain, and the results of these analyses are not very convincing. Trying 
to fit the isovector form factors with the ρ meson, a much smaller ρ mass 
is needed , or a second heavier isovector meson with a mass of about 
875 MeV has to be added . Another analysis gives a very small value 
of g , namely g^N Атт- О. 1U, much lower than is generally expected. Only 
the latest result ^ / gives a reasonable value, namely g^ /UTT^O.Y. 
Another way of obtaining information about these coupling constants is 
the analysis of the nucleon-nucleon scattering data in terms of one boson 
12) 
exchange potentials and other "pole" models . The results of these in­
vestigations generally agree about the value of g , giving g^ Атт^О.Я-І ·*+, 
and a value of about 2 for the ratio f.T.T /g™, . This value of g-T1,T somewhat 
Гшр NWp NWp 
*н 
exceeds the value obtained from the width of the ρ meson through universal 
coupling of the ρ to the isospin current , which yields g^ Атг'ЧЭ.З-О.с. 
This value agrees also with the SU(6) prediction , gT
2
 АяМЗ.З. The f 
is less well known. The result of the nucleon-nucleon analyses, f /g ^2 
does not seem to be in contradiction with the nuclear form factor data. 
We have used in our calculation g.T.T /(U7r)
2
=0.71 and f.T1.T /(ί+π)
2
 = 1.5. We 
Ычр η ИИр 
have also done calculations with f /(^π)2=3. This larger value is chosen 
36 ) 
since from the NN analyses it follows that a larger value for f can 
give a value for g
 w
 which is in better agreement with the other determi­
nations of this coupling constant. 
We do not want to suggest that this choice is necessarily the most accu­
rate one. We are quite aware that we cannot merely transfer the NN results 
to our calculations. Not only did we not include the exchange of hypotheti­
cal scalar mesons (instead we have used two pion exchange potentials), but 
also other results of the NN investigations differ from ours. Especially 
the g ,, is sometimes substantially larger than the value we have used. 
However, we feel that the choice we have made is the best one could do at 
the moment. 
Although the range of the vector meson potentials is much shorter than 
the range of the pion exchange potential, its strength is comparable at not 
too large distances, due to the fact that the vector meson coupling constants 
are much larger than f . We will see, therefore, that the inclusion of 
these potentials gives a sizable change in our calculations, which can be 
seen most clearly in the ΛΝ results by the change in the hard core radii 
that fit the scattering lengths. 
9.2. The results of the calculations. 
In this section we will give the results of our calculations, along 
the same lines as in Chapter 7 and 3. 
27) 
Firstly, the hard core radii have been determined for both sets of 
ΛΝ scattering lengths. The results for the cases we will consider are given 
in Table 9.1· It appears that these radii increase for larger values of the 
magnetic vector meson coupling constants. This is caused by the attraction 
of the К *, which for larger values of f cannot be compensated by the re­
pulsion due to ω exchange. It is remarkable that the singlet radius is not 
diminished by including vector meson exchange. A sizable decrease of this 
27' 
radius can only be obtained by taking a much smaller value for f /бт™ 
У9 
Nr 
1 
2 
3 
1+ 
5 
б 
7 
8 
f
v 
1.5 
1.5 
1.5 
1.5 
3 .0 
3 .0 
з.о 
3.0 
aps 
O.U 
o.u 
0 . 5 
0 .5 
0 Л 
0.1+ 
0.5 
0 .5 
c o r e 
Hf 
Lp 
Hf 
Lp 
Hf 
Lp 
Hf 
Lp 
X 
s 
0 .280 
0 .283 
0.276 
O.28O 
О.З7О 
0.371+ 
О.38О 
О.383 
X t 
0.2І+8 
0.22І+ 
0.2І+3 
0 . 2 3 3 
О.388 
0 .336 
0 . 3 9 2 
О.389 
x
B 
s 
0 .295 
O.31U 
0.1+00 
0.1+11 
^
B 
0.175 
0 .182 
0 .198 
0.201+ 
Table 9 1 T h e singlet ( X
s
) and triplet (X,) hard core radii that fit the \N scattering 
lengths for the c a s e s we will consider, namely fNNi,/(477) = 1 5 or 3 0, a p s = 0 4 or 0 5 
Also, the radii are given for which a Σ+ρ bound s ta te i s possible (Х^ and Х ( в ) 
in contradiction to other evidence, or by choosing a much larger g , not 
in agreement with the symmetry relations we imposed. 
We have also determined the bound state radii for Σ ρ scattering. Con­
sidering these radii, also given in Table 9-1, we see that we have a singlet 
bound state like we had when using only the exchange of pseudoscalar mesons. 
The triplet bound state radius is much smaller, and even at the cores we 
are considering, the triplet Σ ρ potential is repulsive. This has important 
consequences as we will see in the following. 
In the first calculations for Σ ρ interactions we have assumed equal 
cores for T=1/2 and T=3/2 states, although we know that for singlet scatter­
ing this cannot be true since we already have a Σ ρ bound state. However, we 
have seen in the foregoing chapter that the main features of our results 
using the same cores in T=1/2 and T=3/2 states have not been affected by 
dropping this assumption. 
The results of the calculations with the same T=1/2 and T=3/2 cores 
are given in Table 9·2. We have obtained a good fit with the experimental 
data for α =0.1+, f /(1+ττ)5=1.5 and Lp cores (No. 2), whereas the result 
with Hf cores is rather bad. It is remarkable that α =0.5 does not yield 
good results. The inclusion of the exchange of vector mesons now gives a 
fit exactly at the value of α predicted by SU(6) symmetry. 
It should be noted, however, that the singlet Σ ρ ->• Σ ρ cross зесгіопз 
are larger due to the T=3/2 bound state. As in the calculations of Chapter 
7, we will have to drop the assumption that the T=1/2 and 1=3/2 cores are 
equal, at least for singlet scattering. Therefore, the next step is the 
calculation with different cores for T=1/2 and T=3/2 states, following the 
method described in Chapter 8. The Σ ρ cross sections are first determined 
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Σ ρ -»· Λη 
Nr 
1 
2 
3 
1+ 
5 
b 
7 
3 
Ч, 
0 
5.5 
5 . 6 
6 . 1 
6 . 2 
U.9 
5 . 0 
5 . 3 
5 . 3 
З
я 
1 
9 2 . 1 
1 1 0 . 7 
1+2.7 
2 6 . 0 
10І+.6 
95.7 
10І+.6 
9 1 . 3 
ν, 
1 
1.1 
1 .1 
0 . 7 
0 . 7 
1.7 
1.6 
1.2 
1.2 
γ 
1 
7 . 7 
3 . 5 
15.5 
17-6 
3.5 
З.б 
1+.2 
h.2 
Зр 
2 
2 . 7 
2 . 3 
2.1 
2 . 1 
2 . 5 
2 . 5 
1.9 
1.9 
3 P 
0 
0.1 
0 . 3 
0 . 1 
0 . 5 
0 . 5 
1.0 
0 . 1 
0 . 1 
t o t a l 
109 
129 
67 
53 
118 
109 
117 
IOI+ 
Σ ρ -»· Σ
0
η 
Nr 
1 
2 
3 
1+ 
5 
6 
7 
8 
'«о 
2 3 . 2 
3 3 . 7 
l+. l 
о . б 
2 0 . 5 
2k.9 
20.6 
2 3 . 8 
ч 
1+0.7 
6 7 . 3 
139.1 
1 3 1 . 3 
2 1 . 2 
1 5 . 3 
2 3 . 6 
11*.8 
\ 
1.2 
1.1 
2 . 9 
2 . 5 
2.1+ 
2 . 3 
3 . 3 
3 . 2 
\ 
5.1* 
5.7 
1 3 . 0 
11*.0 
3 . 9 
3 . 9 
7 . 0 
7 . 0 
Ч 
0 . 1 
0 . 1 
0 . 2 
0 . 2 
0 . 2 
0 . 2 
0 . 2 
0 . 2 
\ 
1.5 
1.6 
2 . 3 
2.5 
0 . 6 
0.1+ 
1.5 
1.5 
t o t a l 
77 
110 
162 
157 
1*9 
1+8 
5б 
51 
Σ ρ ->-Σ ρ 
Nr 
1 
2 
3 
1+ 
5 
6 
7 
3 
1 
üo 
5 9 . 1 
5 7 . 7 
51 .1 
5 3 . 9 
6 9 . 9 
6 9 . 7 
7 2 . 6 
72.1+ 
3 
"
ΰ
ι 
3 9 . 0 
131*.8 
1 9 8 . 7 
2 3 5 . 6 
6 8 . 2 
7 2 . 7 
6 0 . 0 
бо.о 
1 
Ρ 1 
0 . 1 
0 . 1 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
з 
"
Ρ 1 
2 . 6 
2 . 9 
8 . 0 
9 . 0 
1.5 
1.5 
3 . 1 
3 . 2 
3 
"
Ρ 2 
0 . 0 
0 . 0 
0 . 1 
0 . 1 
0 . 0 
0 . 0 
0 . 0 
0 . 0 
3 
"
ρ
ο 
0.1+ 
0.1+ 
0 . 5 
0 . 6 
0 . 1 
0 . 1 
0 . 5 
0.1+ 
t o t a l 
101 
197 
258 
31+9 
11+0 
11*1* 
136 
136 
Nr 
1 
2 
3 
1+ 
5 
6 
7 
3 
'cAwV 
0 . 2 1 0 . 1 7 
0 . 2 2 0 . 2 1 
0 . 0 8 0 . 5 0 
0 . 1 1 0 . 5 7 
0 . 2 0 0 . 0 9 
0 . 2 1 0 . 0 8 
0 . 2 0 о . ю 
0 . 2 1 0 . 0 7 
rc 
0 . 3 9 
0.1+3 
О.58 
О.67 
0 . 3 0 
0 . 2 9 
0 . 3 0 
0 . 2 3 
r F 
0.1+1 
0.1+6 
0 . 7 1 
0 . 7 5 
0 . 2 9 
0 . 3 0 
0 . 3 2 
0 . 3 3 
Table 9 2 The total cross sect ions (in mb) for Σ" ρ scattering at E, ,_ 10 MeV, and the 
! a b 
ratios r
c
 and г The numbering corresponds with Table 9 1 
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as a function of the T=3/2 radius. For values of X slightly larger than 
the bound state radius, the triplet cross section is rather independent of 
the radius, due to the fact that the potential is then repulsive. The sing­
let cross section decreases rather fast for cores above the bound state ra­
dius. Therefore, the singlet radius is rather restricted, whereas the trip­
let radius can be chosen more freely. 
Considering Table 9.2 again, we see that we do not have to investigate 
Nos. 3 and k (a =0.5, f^ /(1+π)2=1 .5), since the Σ~ρ -»• Λη cross section is 
much too small. This cross section will not change for calculations with 
different T=1/2 and T=3/2 cores as we have seen in Chapter 8. 
When we use only different cores in singlet states and taking equal 
triplet cores for T=l/2 and T=3/2 states, it follows also from Table 9.2 
(especially from the triplet capture ratio) that the only case in which we 
can expect to obtain fit, is No. 2. No. 1 is excluded since the elastic Σ~ρ 
cross section remains too small. The results for No. 2 are given in Table 
9.3. 
Σ-ρ 
σ(Σ~ρ -> Λη) 
σ ( Σ " ρ -*• Σ 0 η ) 
σ ( Σ " ρ -»• Σ"ρ) 
r F 
r
c 
d a t a 
129 
120 
165 
0.1*8 
0 Λ 5 
Σ ρ d a t a 
σ ( Σ + ρ ) a t 10 MeV 
σ ( Σ + ρ ) a t 11 MeV 
σ ( Σ + ρ ) a t 12 .5 MeV 
158 
11*8 
135 
Table 9.3. The Σ ρ cross sections and rF at E l a b = 10 MeV, the capture ratio r c , and the 
Σ
+
ρ cross section at different laboratory energies, using a p S = 0-4, L· 0/(4rr)'2 = 1.5. 
The triplet and singlet Τ = 1/2 cores are the Lp ones, whereas the singlet Τ = 3/2 core 
has been chosen a little larger (X (T = 3/2) = 0.305) to avoid a Σ+Ρ singlet bound state. 
Allowing the triplet core radius to be varied also did not improve the 
foregoing results, nor could a fit be obtained for the other cases. This is 
caused also by the fact that the triplet T=3/2 potential becomes repulsive 
at distances slightly above the bound state radius. A variation of the ra­
dius of the repulsive core has then much less influence than it has when 
the potential is attractive. The only change in the triplet cross section 
could be obtained for values of the 1=3/2 core very close to the bound 
state radius but then the Σ ρ cross section becomes already too large. 
102 
The angular distributions for the Σ ρ reactions are much the same as 
those given in Chapter 7· We refer for them to Fig. Τ·**· The polarization 
of the Л-hyperon remains small, Ρ ъ - 0.05. 
There is some change in the Σ ρ angular distribution. This is caused 
by the Coulomb interference which is now constructive for triplet scatter­
ing, ала so large that it cancels the singlet destructive interference. The 
resulting angular distribution is therefore more comparable to the experi­
mental one than the distribution we have calculated in Chapter 8, but there 
is still some discrepancy. We have shown the Σ ρ angular distribution in 
Fig. 9·1» where we have also shown the distribution from Fig. 8.2 for com­
parison. 
For the values of the cores and the coupling constants described in 
Table 9·3, we have done an effective range expansion for Σ ρ scattering. 
We have found the following results: 
a = -6.9 ftn 
s 
a = 0.63 fm 
r = 2.5 fa. s 
r = -0.1+5 ftn 
s 
(9.1) 
They are in good agreement with the results of Dosch and Müller 26) 
Fig. 9.1. The Σ + ρ angular distribution at 
E l a b = 11 MeV, using the same cores and cou­
pling constants as in Table 9.3. are 
the results of this calculation, — is the 
distribution of Fig. 8.2, shown for comparison. 
CHAPTER 10 
DISCUSSION 
Although the model we have used yields rather good results, we are 
aware that there are serious theoretical uncertainties. The derivation of 
potentials describing the baryon-baryon interactions has been criticized 
on several grounds. We will mention only two points that are unsatisfac­
tory: the derivation of the two-pion-exchange potential, and the use of 
hard cores. The latter could not be avoided in our case, even when including 
the exchange of vector mesons. 
It is well known that the SU(3) symmetry is badly broken. We could take 
into account this breaking only in the masses of the particles involved. 
There is also some evidence that the coupling constants can be different 
. . . . . 87) 
from the symmetry predictions. There are indications that the Ν Л К 
coupling constant is smaller than the value we have used. This is not ne­
cessarily in contradiction with unitary symmetry. Due to the large К mass, 
the application of SU(3) symmetry on the derivative coupling constants will 
result in smaller К coupling constants than we obtained by requiring unita­
ry symmetry for the direct coupling constants, as can be seen from (3.^5). 
88) 
There is also some evidence that perhaps the ΣΣπ coupling constant is 
smaller than the qne predicted by SU(3) symmetry for values of α generally 
assumed. 
Nevertheless, it is satisfying that we can obtain with so few parame­
ters a such relatively 'good agreement with experimental data. The only 
other data we have used are in fact only the ΛΝ scattering lengths. The 
particle masses and coupling constants (fWN and f ) are much more funda­
mental quantities, and the Σ ρ total cross section does not have much in­
fluence on the Σ~ρ results. Hence, using the ΛΝ scattering lengths, we 
could obtain a good agreement with the three Σ ρ cross sections, the cap­
ture ratio, and the Σ ρ -»• Λη angular distribution. The results for the 
± 
elastic Σ ρ angular distributions are also reasonable. The polarization 
of the Λ, however, differs one standard deviation from the experimental 
result. 
With the exception of the ratios, the experimental errors are rather 
large, and it is not easy to obtain a fit with the experiments. This can be 
seen very clearly when we compare the experimental cross sections with the 
maximal possible values determined by the unitarity limit. The Σ-ρ cross 
sections are then almost maximal and it appeared that such large values 
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could be obtained in our calculations for a few cases only. However, when 
the T=1/2 radii were adjusted to give the experimental ΛΝ scattering lengths, 
the Σ ρ -»• Λη cross section was almost always within a few standard devia­
tions of the experimental value. In many cases also the angular distribution 
showed an enhancement in the forward direction·. It seems, therefore, that 
at least for S-waves this reaction is mainly determined as soon as the ΛΝ 
scattering lengths are fitted. This was clearly not true for the reactions 
Σ ρ -*• Σ η and Σ ρ ->• Σ p. The occurring variations in these cross sections 
were not caused by the T=3/2 potential, which has only a small influence. 
The fact that the polarization shows a rather large discrepancy with 
the experimental result may be caused by the following. The ΛΝ scattering 
lengths, which are used to find the core radii, are mainly determined by 
the potential for 1=0. We have used these cores also for higher values of 
Ζ У but it is not certain that they should be equal for different values of 
£. If they are not, this will not influence the total cross sections, but 
it does change the angular distributions and the polarizations. 
+ 
The experiments show a small Σ ρ cross section and hence, some experi­
mentalists argue that the triplet Σ ρ interaction is weak ' . Earlier 
calculations ' ' have indeed indicated that the singlet Σ ρ interac­
tion is stronger than the triplet one. We have even obtained a weakly bound 
Σ ρ singlet state, forcing us to enlarge slightly the T=3/2 singlet core 
radius. The singlet contribution, however, remained the stronger. The angu­
lar distribution for Σ ρ -+· Σ ρ shows a small enhancement in the forward di­
rection. We could not obtain such a large enhancement, either by P-wave con­
tributions, which were small, or by a constructive Coulomb interference. We 
mention that our triplet angular distribution shows a constructive Coulomb 
interference due to a repulsive potential, but the singlet interference re­
mains a destructive one. We have the impression that it will never be possi­
ble to obtain this angular distribution by Coulomb effects only, since that 
35) 
would require a maximal Coulomb interference . It would be worth studying 
the Σ polarization to see if there are large P-wave contributions already 
at these low energy. Also a comparison of the Σ ρ angular distributions at 
different energies is useful to decide between a P-wave contribution or a 
Coulomb interference. 
After the proposal of SU(3) and SU(6), several authors ' have 
predicted various relations among the parameters describing baryon-baryon 
interactions. By adopting a unitary symmetric interaction, they compare 
the NN interaction with the YN and YY ones. Some qualitative considera-
19) tions seem to be correct. To mention a few: a ΛΝ or ΣΝ bound state may 
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not exist, although, e.g., the ΛΝ singlet state is quite close to binding, 
1 3 
hence resulting in a stronger ΛΝ scattering in the S
n
 than in the S, 
20) 0 1 
state. The more quantitative statements are very badly fulfilled. Among 
the predicted relations for the baryon-baryon scattering lengths, the re­
quired equality for a (np) and a (np) is certainly not correct. Also, the 
relations for the total cross sections give a very poor agreement with the 
experimental data. It is clear that the symmetry-breaking effects in the 
1 Pi ) 
interaction due to the mass differences are so large that no reasonable 
results can be expected. We will therefore not consider these investiga­
tions in detail. 
On the other hand, in our calculations we have used these symmetries 
in our calculations also. However, instead of deriving relations for the 
scattering amplitudes, we have employed relations for the coupling con­
stants only, enabling us to take into account the mass breaking in a dyna­
mical way by using the experimental particle masses in the potential. In 
doing so, we have found that the predictions of SU(6) are not in conflict 
with the experiments on YN scattering. 
This was true, in particular, when we included the exchange of vector 
mesons. This has a large influence, as can be seen from the change in the 
hard core radii, obtained with and without the exchange of vector mesons. 
Other conclusions from the calculations with vector mesons are that a ratio 
f /g > k is very unlikely, since the hard core radii become then very 
large 27). From our results we may even suppose that f /ßmi < 2· However, 
because the 2TT-exchange potentials are at least as important as the vector 
meson exchange potentials, it is unreasonable to study the latter in great 
detail without knowing more about the 2π exchange potentials. 
We have seen in Chapter 9 that we could only obtain agreement with the 
experiments when the cores were adjusted to the scattering lengths derived 
from Λρ scattering. When we considered only potentials due to the exchange 
of pseudoscalar mesons, we did not find this result, since the change of 
the T=1/2 core had a smaller influence in that case. Of course, we cannot 
conclude from the few calculations we did in Chapter 9 that the hyperfrag-
ment scattering lengths are excluded, but it is satisfying that we find the 
expected result, namely that the scattering lengths derived directly from 
Λρ scattering are to be preferred . The fact that SU(6) and U(12) pre-
20 ) diet that а (Лр)=а.(Λρ), seems to be a happy coincidence. 
S Ό 
SAMENVATTING 
In dit proefschrift beschrijven we enige onderzoekingen aan Σρ wissel­
werkingen bij lage energie. Na een overzicht van de experimentele gegevens 
in hoofdstuk 2, beschouwen we in hoofdstuk 3, h en 5 bet model dat voor 
deze berekeningen gebruikt is. Dit bestaat in wezen in het gebruik van de 
Schrödingervergelijking waarin een potentiaal geplaatst is die afgeleid kan 
warden met meson-theoretische methoden. Hetzelfde model wordt gebruikt voor 
nucleon-nucleon (NN) wisselwerkingen en is ook gebruikt voor hyperon-nucleon 
(YN) interacties. 
Wij veronderstellen dat de potentiaal die de YN wisselwerking be-
schrijft, afgeleid kan worden met behulp van Born termen voor de uitwisse-
ling van een meson. Aan deze potentiaal zijn toegevoegd de bijdragen ten 
gevolge van de uitwisseling van twee pionen, berekend volgens het voor-
schrift van Brueckner en Watson. Dit is gedaan omdat in de Λρ -*• Лр wissel­
werking de uitwisseling van een pion verboden is wegens isospinbehoud en 
omdat wegens de geringe pionmassa ook voor potentialen ten gevolge van de 
uitwisseling van twee pionen de dracht tamelijk groot is. Deze potentialen 
zijn in hoofdstuk 3 afgeleid voor de uitwisseling van pseudoscalaire en 
vectormesonen. In dit hoofdstuk zijn eveneens de symmetrieeigenschappen 
(SU(2), SU(3), SU(6)) besproken, waarmee relaties voor de koppelingscon­
stanten gevonden kunnen worden. 
Het bekende formalisme voor verstrooiing in meerdere kanalen is toe­
gepast op Σρ verstrooiing in hoofdstuk h. Voor deze wisselwerking heeft men 
koppeling tussen toestanden met verschillend baanimpulsmoment wegens het 
voorkomen van een tensorpotentiaal. Bovendien is er koppeling mogelijk met 
kanalen waarin andere deeltjes aanwezig zijn. Dit betekent dat de Schrö-
dingervergelijking niet verder gereduceerd kan worden dan tot een stelsel 
van gekoppelde differentiaalvergelijkingen, maximaal zes in het meest ge-
compliceerde geval. 
De Coulombpotentiaal heeft een belangrijke invloed bij deze lage ener-
gieën. De gevolgen van deze potentiaal met lange dracht worden beschouwd 
in hoofdstuk 5· Een effectieve-drachtontwikkeling voor verstrooiing in 
meerdere kanalen is afgeleid voor algemene baanimpulsmomenten voor het ge-
val dat er ook een Coulomb potentiaal aanwezig is. 
Hoofdstuk 6 is een intermezzo tussen de beschrijving van het model en 
de feitelijke berekeningen. Daarin worden de numerieke methodes en de struk-
tuur van de rekenmaehineprogramma's beschreven, die nodig waren om de Schro-
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dingervergelijking numeriek te integreren en de experimentele grootheden 
te berekenen. 
De volgende hoofdstukken geven het resultaat van de berekeningen. In 
hoofdstuk 7 leiden we eerst een benadering af voor het meenemen van de 
Coulombeffecten en vergelijken dan de resultaten daarvan met de exacte be­
rekeningen. Daarna wordt de Σ ρ verstrooiing bestudeerd, gebruik makend van 
potentialen uitsluitend ten gevolge van de uitwisseling van pseudoscalaire 
mesonen. Er moet een harde pit aan deze potentialen toegevoegd worden. De 
straal hiervan was berekend door de ΛΝ verstrooiingslengten aan te passen 
aan de experimentele waarden. Als men de bekende ΝΝπ koppelingsconstante 
gebruikt, worden de overige koppelingsconstanten gegeven in termen van een 
parameter, de F/(F+D) verhouding α. Het bleek dat een goede aanpassing aan 
de experimenten verkregen kon worden voor α ^  0.5, dus bijna gelijk aan de 
SU(6) voorspelling: α = O.k. Ook klopten de hoekverdelingen met de experi­
menten. 
Er is één punt in onze berekeningen dat nadere bestudering vraagt. Als 
men deze potentialen met dezelfde straal van de harde pit ook gebruikt voor 
Σ ρ wisselwerking, die zuiver isospin T=3/2 heeft, terwijl het ΛΝ systeem 
een zuivere T=1/2 toestand is, dan is er in veel gevallen een Σ ρ gebonden 
singlet toestand. Zo'η gebonden toestand is experimenteel niet gevonden. 
De enige experimentele aanwijzing hiervoor is een sterkere Σ ρ verstrooiing 
in voorwaartse richting. Dit kan eventueel verklaard worden door een ge­
bonden toestand aan te nemen die aanleiding geeft tot een constructieve 
Coulomb interferentie. We hebben aangetoond dat deze verklaring leidt tot 
een te grote bindingsenergie voor zo'η gebonden toestand. 
Wanneer we nu de mogelijkheid van een Σ ρ gebonden toestand verwerpen, 
dan moeten we ook de veronderstelling loslaten dat de T=l/2 en T=3/2 pitten 
gelijk zijn. In hoofdstuk θ is daarom een benadering afgeleid die het moge­
lijk maakt voor Σ ρ verstrooiing, een mengsel van T=1/2 en 1=3/2 toestanden, 
berekeningen te doen met verschillende pitstralen in deze toestanden. Het 
bleek dat de resultaten van de berekeningen in het vorige hoofdstuk niet 
essentieel veranderden. 
Tenslotte zijn in hoofdstuk 9 de berekeningen uit hoofdstuk 7 en 8 
herhaald, nu met een potentiaal ten gevolge van de uitwisseling van pseudo­
scalaire en vectormesonen. Indien we voorspellingen van SU(6) en de uit de 
NN wisselwerking bepaalde waarde voor de magnetische NNp koppelingsconstante 
gebruikten, verkregen we een goede overeenkomst met de experimenten. 
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